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Abstract
Since the discovery of neutrino oscillations, the experimental progress in the last two decades
has been very fast, with the precision measurements of the neutrino squared-mass differences and
of the mixing angles, including the last unknown mixing angle θ13.
Today a very large set of oscillation results obtained with a variety of experimental config-
urations and techniques can be interpreted in the framework of three active massive neutrinos,
whose mass and flavour eigenstates are related by a 3 × 3 unitary mixing matrix, the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix, parameterized by three mixing angles θ12, θ23, θ13 and a
CP-violating phase δCP. The additional parameters governing neutrino oscillations are the squared-
mass differences ∆m2ji = m
2
j −m2i , where mi is the mass of the ith neutrino mass eigenstate. This
review covers the rise of the PMNS three-neutrino mixing paradigm and the current status of the
experimental determination of its parameters.
The next years will continue to see a rich program of experimental endeavour coming to fruition
and addressing the three missing pieces of the puzzle, namely the determination of the octant
and precise value of the mixing angle θ23, the unveiling of the neutrino mass ordering (whether
m1 < m2 < m3 or m3 < m1 < m2) and the measurement of the CP-violating phase δCP.
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1 Introduction
It is remarkable that after a very long period of theoretical and experimental work, sometimes marked
by heated controversies and debates, the original intuition of Bruno Pontecorvo in 1957 [1, 2] was at last
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confirmed in the few years between 1998 and 2002 with the beautiful discoveries of atmospheric and solar
neutrino oscillations by the Super-Kamioka Neutrino Detection Experiment (Super-Kamiokande) [3]
and the Sudbury Neutrino Observatory (SNO) [4], shortly thereafter confirmed by the Kamioka Liquid
Scintillator Antineutrino Detector (KamLAND) experiment [5]. These discoveries have been recognized
by the 2015 Nobel Prize in Physics awarded to Takaaki Kajita and Arthur Mc Donald.
Since this milestone, experimental progress has been very fast, with the first significant indications
of a nonzero value of the last unknown mixing angle θ13 by the long-baseline accelerator neutrino exper-
iment Tokai-to-Kamioka (T2K) [6], and its discovery by the reactor experiments Daya Bay [7], Reactor
Experiment for Neutrino Oscillations (RENO) [8] and Double Chooz [9]. The discovery of νµ → νe
appearance by T2K in 2013 [10], later confirmed by the NuMI Off-Axis νe Appearance (NOνA) exper-
iment [11], plays a special role for future developments since it has demonstrated neutrino appearance
in a direct way and opened the way towards probing three-flavour effects. While experiments with
natural sources have been at the forefront of the discovery of neutrino oscillations, recent precision
measurements have been mainly carried out with man-made sources, like nuclear reactors and neutrino
beams.
On the theory side, the first ideas of oscillations date back to 1957, when Pontecorvo, inspired by
kaon-antikaon oscillations, suggested that neutrino-antineutrino oscillations could take place if lepton
number is violated [1, 2]. This phenomenon, which we would now describe as active-sterile neutrino
oscillations, required the neutrino to be massive, in contradiction with the then common belief that
it was massless. The idea of neutrino flavour mixing emerged only later, around the time where the
muon neutrino was discovered, in a paper by Maki, Nakagawa and Sakata [12]. Subsequently, neutrino
flavour oscillations were proposed by Pontecorvo in 1967 [13] and presented in the modern formalism
by Gribov and Pontecorvo in 1969 [14].
Today a very large set of oscillation results obtained with an amazing variety of experimental configu-
rations and techniques can be interpreted in the framework of three active massive neutrinos, whose mass
and flavour eigenstates are related by a 3 × 3 unitary mixing matrix, the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix, parameterized by three mixing angles θ12, θ23, θ13 and a CP-violating phase
δCP (the two additional phases present in the Majorana case do not affect oscillations). The additional
parameters governing neutrino oscillations are the squared-mass differences ∆m2ji = m
2
j − m2i , where
mi is the mass of the ith neutrino mass eigenstate. This description of the oscillation data in terms of
three-neutrino mixing, which we will refer to as the PMNS paradigm, has been successfully confirmed
by the experimental progress made over the past two decades. The next years will continue to see a rich
program of experimental endeavour coming to fruition and addressing the three missing pieces of the
puzzle, namely the determination of the octant and precise value of the mixing angle θ23, the unveiling
of the neutrino mass ordering and the measurement of the CP-violating phase δCP .
The study of neutrinos, and of neutrino oscillations in particular, plays a special role in our un-
derstanding of particle physics and explores the frontier of our knowledge in this domain. Indeed, the
nonzero neutrino masses, whose only experimental evidence comes from neutrino oscillations, is our first
positive indication of physics beyond the Standard Model [15]. Moreover, the structure of the lepton
mixing matrix with three sizeable mixing angles is radically different from the analogous Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix in the quark sector [16, 17], and this in itself represents a
deep question that needs to be addressed and understood.
Interestingly, the large mixing angles of the PMNS matrix open the possibility for significant CP
violation in the lepton sector. These studies might help us understand the origin of the baryon asymme-
try of the universe, one of the most convincing interpretations of which is provided by the leptogenesis
mechanism [18] (for a review of leptogenesis, see e.g. Ref. [19]). In this scenario, the same hypothetical
heavy Majorana neutrinos are responsible for the baryon asymmetry of the universe and for the small
neutrino masses via the so-called seesaw mechanism [20, 21, 22, 23, 24].
This review aims to cover the recent progress in the measurements related to neutrino oscillations,
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as well as the future experimental program aiming at the determination of the yet unknown parameters
(the θ23 octant, the neutrino mass ordering and the CP-violating phase δCP). It is organized as follows.
In Section 2, we introduce the formalism of massive neutrino oscillations, both in vacuum and in matter.
In Sections 3, 4 and 5, we give a summary of the experimental evidence for neutrino oscillations in the
1-2, 2-3 and 1-3 sectors, governed by the mixing angles θ12, θ23 and θ13, respectively. We then turn in
Section 6 to the new experimental results that can only be interpreted as genuine three-flavour effects,
and especially to the study of CP-violating effects that has been initiated by the T2K and NOνA
experiments. We then briefly summarize in Section 7 our current level of understanding of the various
parameters of the PMNS framework and the role played by global fits. After briefly mentioning the
remaining anomalies that cannot be interpreted within the PMNS framework in Section 8, we give
in Section 9 an overview of the future experimental program and discuss how it can answer the open
questions.
Given the broadness and diversity of the field of neutrino oscillations, it is not possible to address
all subtleties and details relative to the theoretical developments, experimental methods and results
within the scope of this review. We therefore refer the interested reader to the existing books on the
subject, out of which we quote only a few ones [25, 26, 27, 28, 29, 30, 31, 32], as well as to the Particle
Data Group (PDG) review on neutrino mass, mixing and oscillations [33]. There are also numerous
recent reviews on more specialized subjects, such as neutrino propagation in matter [34] (see also the
older Ref. [35]), solar neutrinos [36], θ13 measurements with reactor experiments [37], the question of
mass ordering and its determination by future experiments [38], experimental anomalies and sterile
neutrinos [39, 40]. Finally, a pedagogical account of the history of neutrino physics, including both
theoretical and experimental developments, can be found in Ref. [41].
2 Theory and phenomenology of neutrino oscillations
2.1 Flavour mixing in the lepton sector
Neutrino oscillations in vacuum [1, 2, 13] are a quantum-mechanical phenomenon that is made possible
by the existence of non-degenerate neutrino masses and lepton flavour mixing [12, 13]. As for quarks,
the origin of flavour mixing in the lepton sector lies in the mismatch between the basis of (weak)
gauge eigenstates and the basis of mass eigenstates, namely, the fact that the neutrino mass matrix
is not diagonal when written in the flavour basis, defined as the weak eigenstate basis corresponding
to the charged lepton mass eigenstates e, µ and τ . The unitary transformation relating the flavour
to the mass eigenstate left-handed neutrino fields is the lepton mixing matrix, known as the PMNS
(Pontecorvo-Maki-Nakagawa-Sakata) matrix:νe(x)νµ(x)
ντ (x)

L
= U
ν1(x)ν2(x)
ν3(x)

L
=
 Ue1 Ue2 Ue3Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3
ν1(x)ν2(x)
ν3(x)

L
. (1)
In Eq. (1), νeL(x), νµL(x) and ντL(x) are the fields describing the left-handed flavour eigenstate neutri-
nos, defined as the neutrinos that couple via charged weak current to the electron, the muon and the
tau, respectively, and ν1L(x), ν2L(x) and ν3L(x) describe the left-handed mass eigenstate neutrinos with
masses m1, m2 and m3. In shorthand notations, the relation (1) reduces to
ναL(x) =
∑
i
UαiνiL(x) , (2)
where α = e, µ, τ and i = 1, 2, 3. For the sake of notational simplicity, we shall omit the subscript “L”
and the x dependence of the fields in the following. As a consequence of flavour mixing, the neutrino
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that couples to a charged lepton of a given flavour (an electron, a muon or a tau) via the weak charged
current (CC) is not a mass eigenstate, but a coherent superposition of mass eigenstates:
LCC = g√
2
W−µ
∑
α=e,µ,τ
¯`
αLγ
µναL + h.c. =
g√
2
W−µ
∑
α=e,µ,τ
¯`
αLγ
µ
∑
i=1,2,3
Uαi νiL + h.c. . (3)
It is this coherence that makes neutrino oscillations possible.
Being associated with a change of basis, the PMNS matrix is a unitary matrix. Like the CKM
matrix, it satisfies unitary relations, derived from UU † = U †U = 1:∑
i
UαiU
∗
βi = δαβ (α, β = e, µ, τ) ,
∑
α
U∗αiUαj = δij (i, j = 1, 2, 3) . (4)
Like any 3× 3 unitary matrix, U can be parametrized by 3 mixing angles and 6 phases. However, not
all of these phases are physical, since lepton fields can be rephased to absorb some of them. Namely,
if neutrinos are Dirac fermions, one can rephase both the charged lepton and the neutrino fields,
`α(x) → eiφα `α(x) and νi(x) → eiφi νi(x), where `α(x) and νi(x) denote the 4-component Dirac fields
(i.e. the phases of the left-handed and right-handed lepton fields are shifted by the same amount, in
order not to affect the mass terms −∑αm`α ¯`αR`αL −∑imiν¯iRνiL + h.c.). This leaves the charged
current term (3) invariant, provided that one redefines the PMNS matrix in the following way:
Uαi → ei(φα−φi) Uαi . (5)
Since there are 5 independent phase differences φα − φi, one can remove 5 phases from the PMNS
matrix, leaving only one physical CP-violating phase, as in the CKM matrix. If neutrinos are Majorana
fermions, however, it is not possible to rephase the left-handed neutrino fields, because this would make
their masses complex. Indeed, Majorana mass terms are of the form −1
2
mi ν
T
iLCνiL + h.c., where C is
the charge conjugation matrix satisfying CγµC
−1 = −γTµ (for a review on Majorana neutrinos, see e.g.
Ref. [42]). Thus only the charged lepton fields can be rephased, leading to
Uαi → eiφα Uαi . (6)
One is therefore left with 3 physical CP-violating phases in the Majorana case, instead of a single one
in the Dirac case1.
Based on this parameter counting, the PMNS matrix can be written as the product of three rotations
through angles θ23, θ13 and θ12, where the second (unitary) rotation depends on a phase δCP, and of a
diagonal matrix of phases P :
U =
 1 0 00 c23 s23
0 −s23 c23
 c13 0 s13e−iδCP0 1 0
−s13eiδCP 0 c13
 c12 s12 0−s12 c12 0
0 0 1
P
=
 c12c13 s12c13 s13e−iδCP−s12c23 − c12s13s23eiδCP c12c23 − s12s13s23eiδCP c13s23
s12s23 − c12s13c23eiδCP −c12s23 − s12s13c23eiδCP c13c23
P . (7)
In Eq. (7), cij ≡ cos θij, sij ≡ sin θij and P is either the unit matrix 1 in the Dirac case, or a diagonal
matrix containing the two phases associated with the Majorana nature of neutrinos in the Majorana
1This parameter counting can be generalized to an arbitrary number N of lepton flavours. One finds, in the Dirac case,
N(N − 1)/2 mixing angles and (N − 1)(N − 2)/2 phases, and N − 1 additional phases in the Majorana case [43, 44, 45].
Thus, at variance with the quark sector, CP violation is possible already with 2 generations of leptons if neutrinos are
Majorana fermions, although CP violation in oscillations requires at least 3 generations (see Section 2.3).
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case. Without loss of generality, one can take θij ∈
[
0, pi
2
]
and δCP ∈ [0, 2pi[. This parametrization has
now become standard, except for the explicit form of the matrix P in the Majorana case, for which
different conventions can be found in the literature, e.g.
PMajorana =
 eiα1 0 00 eiα2 0
0 0 1
 ,
 1 0 00 eiφ2 0
0 0 ei(φ3+δCP)
 ,
 eiρ 0 00 1 0
0 0 eiσ
 . (8)
All these choices are related by rephasings of the charged lepton fields and are therefore physically
equivalent. The phase δCP is often called the “Dirac phase” of the PMNS matrix, while the phases
contained in P , which can be restricted to the range [0, pi[ without loss of generality, are called “Majorana
phases”. We will not be concerned with Majorana phases in this review because, as we are going to
see, they do not enter oscillation probabilities. They appear only in lepton number violating processes
like neutrinoless double beta decay, in which the Majorana nature of neutrinos plays a crucial role (for
reviews of neutrinoless double beta decay, see e.g. Refs. [46, 47] for the theoretical aspects and Ref. [48]
for the experimental aspects). The phase δCP, on the contrary, is relevant to neutrino oscillations
and gives rise to an asymmetry between neutrino and antineutrino oscillations in vacuum, as will be
discussed in Section 2.3.
2.2 Neutrino oscillations in vacuum
Schematically, an (idealized) oscillation experiment involves three steps. The first one is the production
of a pure flavour state from a charged current process, e.g. a νµ from a charged pion decay pi
+ → µ+νµ.
This flavour eigenstate is a coherent superposition of mass eigenstates determined by the PMNS matrix2:
|ν(t = 0)〉 = |να〉 =
∑
i
U∗αi|νi〉 . (9)
The second step is the propagation of the neutrino. Each mass eigenstate, being en eigenstate of
the Hamiltonian in vacuum, evolves with its own phase factor e−iEit, where Ei =
√
p2 +m2i is the
energy of the i-th mass eigenstate (in the standard convention ~ = c = 1). This modifies the coherent
superposition, which is no longer a pure flavour eigenstate:
|ν(t)〉 =
∑
i
U∗αi e
−iEit |νi〉 =
∑
i
U∗αi e
−iEit
∑
β
Uβi|νβ〉 . (10)
The last step is the detection of a specific flavour via a charged current interaction. The probability
amplitude for the flavour α neutrino to have oscillated into a different flavour β at the time t is given
by 〈νβ|ν(t)〉, yielding an oscillation probability
P (να → νβ) = |〈νβ|ν(t)〉|2 =
∣∣∣∣∣∑
i
UβiU
∗
αi e
−iEit
∣∣∣∣∣
2
. (11)
2Note that the relation between the flavour and mass eigenstate neutrino states involves the complex conjugate of the
PMNS matrix, as opposed to the PMNS matrix itself for neutrino fields, Eq. (2). This is because the quantum neutrino
field να(x) annihilates a neutrino of flavour α, while the neutrino state |να(~p)〉 is obtained by acting with the creation
operator a†α(~p) on the vacuum. For antineutrinos, one has ν¯α(x) =
∑
i U
∗
αiν¯i(x) and |ν¯α〉 =
∑
i Uαi|ν¯i〉.
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Since neutrinos are ultra-relativistic in all practical experimental conditions, one can expand Ei =√
p2 +m2i ' p+m2i /(2E) (using E ' p). The neutrino oscillation formula then reads3
P (να → νβ) = δαβ − 4
∑
i<j
Re
[
UαiU
∗
βiU
∗
αjUβj
]
sin2
(
∆m2jiL
4E
)
+ 2
∑
i<j
Im
[
UαiU
∗
βiU
∗
αjUβj
]
sin
(
∆m2jiL
2E
)
, (12)
in which ∆m2ji ≡ m2j − m2i and L ' ct is the distance travelled by the neutrino. For antineutrino
oscillations, one must replace U by U∗ in Eq. (12), which amounts to change the sign of the last term.
From Eq. (12), a few obvious comments can be made about the properties of neutrino oscillations.
First of all, oscillations require neutrinos to have non-degenerate masses (∆m2ji 6= 0) and non-trivial
flavour mixing (U 6= 1). The oscillation probability P (να → νβ) depends on the three mixing angles
θ12, θ23, θ13 and on two independent squared-mass differences, which can be chosen to be ∆m
2
21 and
∆m231 (then ∆m
2
32 is determined by ∆m
2
32 = ∆m
2
31 −∆m221). Oscillations also depend on the “Dirac”
CP-violating phase δCP, but not on the “Majorana phases”, as can be seen from the fact that the PMNS
matrix entries appear in Eq. (12) only in the combinations UαiU
∗
βi, to which the phases contained in
the diagonal matrix P in Eq. (7) do not contribute. Therefore, Dirac and Majorana neutrinos have the
same oscillation probabilities. This fact can be understood on more general grounds, since oscillations
conserve total lepton number, while the Majorana nature of neutrinos manifests itself in processes that
violate lepton number, like neutrinoless double beta decay. Another consequence of formula (12) is that
CP violation (namely, the fact that P (ν¯α → ν¯β) 6= P (να → νβ)) is possible only in appearance channels
(β 6= α), not in disappearance channels (β = α). Indeed, the survival (i.e. non-oscillation) probability
is the same for neutrinos and antineutrinos:
P (να → να) = 1− 4
∑
i<j
|UαiUαj|2 sin2
(
∆m2jiL
4E
)
= P (ν¯α → ν¯α) , (13)
because the combination UαiU
∗
βiU
∗
αjUβj is real for α = β.
While a detailed description of neutrino oscillations, including subleading and CP-violation effects,
necessitates the use of the full three-flavour formula, it is a good approximation in many experimental
situations to neglect the subleading terms in Eq. (12). One is then left with effective two-flavour
oscillations, governed by a single ∆m2 and a single mixing angle θ:
P (να → νβ) = P (ν¯α → ν¯β) = sin2 2θ sin2
(
∆m2L
4E
)
(β 6= α) , (14)
(we note in passing that oscillations do not violate the CP symmetry in the two-flavour case). In this
case, the amplitude of oscillations is simply given by sin2 2θ, and the oscillation length is proportional
to the neutrino energy E and inversely proportional to ∆m2:
Losc.(km) = 2.48E(GeV)/∆m
2(eV2) , P (να → νβ) = sin2 2θ sin2 (piL/Losc.) . (15)
It should be stressed that the oscillation probability (14) is sensitive neither to the sign of ∆m2 nor
to the octant of θ, i.e. to whether θ ∈ ]0, pi
4
[ (first octant) or θ ∈ ]pi
4
, pi
2
[ (second octant), θ = pi
4
3In deriving the oscillation formula (12), we made several simplifying assumptions: the propagating mass eigenstates
were described by plane waves with well-defined momenta ~pi, which were further assumed to be equal (~pi = ~p). The proper
treatment of neutrino oscillations should be done in the wave-packet formalism, or even in the framework of quantum
field theory. However, under appropriate coherence conditions, these approaches lead to the same oscillation probability
as the standard derivation presented here. See e.g. Ref. [49] for a discussion.
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corresponding to the maximal mixing angle. This two-flavour formula has been used for decades, before
oscillation experiments reached a level of precision that made them sensitive to subdominant effects.
In particular, the oscillations of solar and atmospheric neutrinos turned out to be well described in
the framework of two-flavour oscillations (with the inclusion of matter effects in the case of solar
neutrinos, see Section 2.5) with parameters (∆m2sol, θsol) and (∆m
2
atm, θatm), respectively, such that
∆m2sol  ∆m2atm and both mixing angles θsol and θatm are large. In order to interpret these results
in the framework of three-flavour oscillations, the following conventions were adopted: (i) ∆m2sol is
identified with the squared-mass splitting between ν1 and ν2; (ii) these mass eigenstates are labelled in
such a way that m2 > m1, i.e. ∆m
2
21 = ∆m
2
sol > 0. Then ∆m
2
atm must be identified with |∆m231| or
|∆m232|. Since ∆m2sol  ∆m2atm, this implies
∆m2sol = ∆m
2
21  |∆m231| ' |∆m232| ' ∆m2atm . (16)
We are left with two possibilities for the mass spectrum: either m1 < m2 < m3, which is referred to as
the normal mass ordering or normal hierarchy, characterized by ∆m231 > 0; or m3 < m1 < m2, which
is known as the inverted mass ordering or inverted hierarchy, characterized by ∆m231 < 0. The mass
ordering m1 < m3 < m2 is excluded, as it is not consistent with Eq. (16).
Experiments characterized by a baseline L and a beam energy E such that ∆m221L/E  1 can be
described to a good approximation by setting ∆m221 = 0 in the three-flavour formula (12), so that one is
left with a single oscillation “frequency” ∆m231 = ∆m
2
32. This approximation is valid because all mixing
angles, with the exception of θ13 which is a bit smaller, are of comparable magnitude. The oscillation
(appearance) probability becomes [50, 51]
P (να → νβ) = sin2 2θeffαβ sin2
(
∆m231L
4E
)
, sin2 2θeffαβ ≡ 4 |Uα3Uβ3|2 (β 6= α) , (17)
while for the non-oscillation (disappearance) probability:
P (να → να) = 1− sin2 2θeffαα sin2
(
∆m231L
4E
)
, sin2 2θeffαα ≡ 4 |Uα3|2
(
1− |Uα3|2
)
. (18)
These formulae describe the dominant oscillations in atmospheric neutrinos, long-baseline accelerator
neutrino experiments and short-baseline reactor experiments. For instance, the probability of muon
neutrino disappearance is
P (νµ → νµ) = 1−
(
cos2 θ13 sin
2 2θ23 + sin
4 θ23 sin
2 2θ13
)
sin2
(
∆m231L
4E
)
(19)
' 1− sin2 2θ23 sin2
(
∆m231L
4E
)
, (20)
where terms proportional to sin2 θ13 were neglected in the second line. This justifies the widely-used
terminology “atmospheric mixing angle” for θ23 and “atmospheric ∆m
2” for ∆m231 (or ∆m
2
32). For
electron and tau neutrino appearance in a muon neutrino beam, one has
P (νµ → νe) = sin2 θ23 sin2 2θ13 sin2
(
∆m231L
4E
)
, (21)
P (νµ → ντ ) = cos4 θ13 sin2 2θ23 sin2
(
∆m231L
4E
)
, (22)
while for short-baseline disappearance of reactor antineutrinos:
P (ν¯e → ν¯e) = 1− sin2 2θ13 sin2
(
∆m231L
4E
)
. (23)
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It should be kept in mind that the above expressions receive corrections from three-flavour effects, which
must be taken into account to comply with the precision of present-day experiments. Note in passing
that although governed by a single oscillation frequency, the probabilities (21) and (22) are not simple
two-flavour formulae, as they depend on the two mixing angles θ13 and θ23. In particular, Eq. (21) is
sensitive to the octant of θ23.
When instead ∆m231L/E  1 and ∆m221L/E & 1, ∆m231-driven oscillations are averaged and oscil-
lations of electron neutrinos are dominated by ∆m221 rather than ∆m
2
31. Neglecting terms suppressed
by sin2 θ13, one obtains
P (νe → νe) = P (ν¯e → ν¯e) ' 1− sin2 2θ12 sin2
(
∆m221L
4E
)
. (24)
This formula applies to the long-baseline reactor neutrino experiment KamLAND and to low-energy
solar neutrinos (with the oscillating term averaged), for which matter effects are subdominant compared
with vacuum oscillations. This justifies the popular terminology “solar mixing angle” for θ12 and “solar
∆m2” for ∆m221. Restoring θ13, one obtains the more accurate expression
P (νe → νe) = P (ν¯e → ν¯e) = sin4 θ13 + cos4 θ13
(
1− sin2 2θ12 sin2
(
∆m221L
4E
))
. (25)
2.3 CP violation in neutrino oscillations and three-flavour effects
As we have seen in Section 2.2, oscillations depend on the phase δCP of the PMNS matrix, making it
possible to observe the violation of the CP symmetry in neutrino oscillations [52] – namely, the fact
that neutrinos and antineutrinos oscillate with different probabilities in vacuum. Before discussing this
possibility in detail, let us summarize the action of the different discrete symmetries4 on oscillation
probabilities (we refer the reader to Ref. [53] for a detailed discussion of the action of CP and T on
oscillations, both in vacuum and in matter):
P (να → νβ) CP−−−→ P (ν¯α → ν¯β) , (26)
T−−−→ P (νβ → να) , (27)
CPT−−−→ P (ν¯β → ν¯α) . (28)
Thus, if CPT conservation is assumed, P (να → νβ) = P (ν¯β → ν¯α), implying that the CP and T
asymmetries in neutrino oscillations are equal:
Aαβ ≡ P (να → νβ)− P (ν¯α → ν¯β)
P (να → νβ) + P (ν¯α → ν¯β) =
P (να → νβ)− P (νβ → να)
P (να → νβ) + P (νβ → να) . (29)
Another implication of CPT conservation is P (να → να) = P (ν¯α → ν¯α), i.e. there is no CP violation in
disappearance experiments, a fact we have already deduced from the general three-flavour oscillation
formula.
In order to study the effect of CP violation (CPV) in neutrino oscillations, it is convenient to
introduce the quantity ∆Pαβ ≡ P (να → νβ)−P (ν¯α → ν¯β), which is nothing but twice the CP-odd part
in the three-flavour oscillation probability (12). One can show that it can be expressed as [43, 54]
∆Pαβ = ±16J sin
(
∆m221L
4E
)
sin
(
∆m231L
4E
)
sin
(
∆m232L
4E
)
, J ≡ Im [Ue1U∗µ1U∗e2Uµ2] , (30)
4It should be stressed that P (ν¯α → ν¯β) is the image of P (να → νβ) by CP, not by the charge conjugation C. Indeed,
να and νβ are left-handed neutrinos, whose antiparticles ν¯α and ν¯β are right-handed antineutrinos, i.e. the CP conjugates
of να and νβ . Their charge conjugates would be hypothetical left-handed antineutrinos, which do not couple to the W
and Z bosons and are not produced in weak processes.
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with a + sign when (α, β, γ) (with γ 6= α, β) is an even permutation of (e, µ, τ), and a − sign when
it is an odd permutation. The quantity J in Eq. (30) is a measure of CP violation from the “Dirac”
phase of the PMNS matrix and is called Jarlskog invariant 5. Using the standard parametrization of
the PMNS matrix, one can write
J =
1
8
cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 sin δCP . (31)
Therefore, a necessary condition for CP violation in neutrino oscillations is that all three mixing angles
θij are nonzero and that the phase δCP is different from 0 and pi. Furthermore, one can see from Eq. (30)
that ∆m221, ∆m
2
31 and ∆m
2
32 must be non vanishing, i.e. all neutrinos masses should be different:
Conditions for CPV in oscillations : θij 6= 0 , δCP 6= 0, pi , m1 6= m2 , m2 6= m3 , m3 6= m1 . (32)
These criteria parallel the ones for CP violation in the quark sector. They are of rather academic
interest now that all θij’s and ∆m
2
ji’s have been measured, but for a long time the only experimental
information we had on θ13 was an upper bound (see Section 5.1 for a discussion of early limits and first
indications). A value of sin2 2θ13 below 10
−4 would have made it very difficult to observe CP violation
in oscillation experiments, even if the CP-violating phase δCP were maximal.
The formula (30) contains a lot of information. First of all, it tells us that the CP-violating term in
neutrino oscillations is universal, i.e. it does not depend on the oscillation channel (up to a sign). This
follows from the unitarity of the PMNS matrix, which implies
Im
[
Ue1U
∗
µ1U
∗
e2Uµ2
]
= −Im [Ue1U∗τ1U∗e2Uτ2] = Im
[
Uµ1U
∗
τ1U
∗
µ2Uτ2
]
, (33)
from which ∆Peµ = −∆Peτ = ∆Pµτ follows. Another important information contained in Eq. (30) is
that the effect of CP violation is proportional to sin(∆m221L/4E), i.e. it can be observed only in exper-
iments that are sensitive to the subdominant oscillations governed by ∆m221. This is why experiments
searching for CP violation involve long baselines (several hundreds of km), intense neutrino beams and
large detectors. Typically, the experimental conditions are such that ∆m231L/E ∼ 1 and ∆m221L/E  1,
hence Eq. (30) can be simplified to, at second order in the small parameters sin (∆m221L/4E) and sin θ13:
∆Pαβ ' ±16J sin
(
∆m221L
4E
)
sin2
(
∆m231L
4E
)
. (34)
Long baselines however imply that neutrinos propagate in the Earth crust, so that their oscillations
are affected by their interactions with matter (see Subsection 2.5.2). This in turn creates, in the
νµ–νe channel relevant to long-baseline experiments, an asymmetry between neutrino and antineutrino
oscillations whose sign is related to the type of mass hierarchy, normal (∆m231 > 0) or inverted (∆m
2
31 <
0). It is therefore necessary to disentangle the effect of neutrino interactions with matter from the one
of CP violation in the experimental data.
Neglecting matter effects (which is a reasonable approximation for a long-baseline experiment like
T2K), one can expand the full νµ → νe oscillation probability to second order in the small quantities
sin (∆m221L/4E) and sin θ13:
P (νµ → νe) ' sin2 θ23 sin2 2θ13 sin2
(
∆m231L
4E
)
+ cos2 θ23 sin
2 2θ12 sin
2
(
∆m221L
4E
)
+
1
2
cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 cos δCP sin
(
∆m221L
4E
)
sin
(
∆m231L
2E
)
− cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 sin δCP sin
(
∆m221L
4E
)
sin2
(
∆m231L
4E
)
. (35)
5The name “invariant” refers to the fact that J does not depend on the phase convention of the PMNS matrix, i.e. it
is invariant under rephasings of the lepton fields. Historically, the Jarlskog invariant has been introduced to parametrize
CP violation in the quark sector [55]; the invariant J in Eq. (30) is its generalization to the lepton sector.
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The first term corresponds to the dominant, ∆m231-driven oscillations; the second one to the ∆m
2
21-driven
oscillations; the third and fourth terms involve both ∆m221 and ∆m
2
31 and are CP-even and CP-odd,
respectively. While, as shown above, the CP-odd term is proportional to the Jarlskog invariant J , the
CP-even term is proportional to J cot δCP ∝ cos δCP. Note that the dominant oscillations are sensitive
to the octant of θ23. Eq. (35) can be rewritten in the more compact form
P (νµ → νe) ' A2atm + A2sol + 2 cos θ13AatmAsol cos
(
∆m231L
4E
+ δCP
)
, (36)
where Aatm ≡ sin θ23 sin 2θ13 sin
(
∆m231L
4E
)
and Asol ≡ cos θ23 sin 2θ12 sin
(
∆m221L
4E
)
. The corresponding
formulae for P (ν¯µ → ν¯e) can be derived by switching the sign of the phase δCP in the above expressions
(in Eq. (35), this amounts to change the sign of the last term). One can quantify the amount of CP
violation in the νµ–νe channel with the CP asymmetry parameter
Aµe ≡ P (νµ → νe)− P (ν¯µ → ν¯e)
P (νµ → νe) + P (ν¯µ → ν¯e) ' −
cos θ23 sin 2θ12
sin θ23 sin θ13
sin
(
∆m221L
4E
)
sin δCP . (37)
2.4 Other three-flavour effects
With the increased precision of short-baseline reactor neutrino experiments, the experimental uncer-
tainty on the squared-mass difference governing ν¯e disappearance approaches the difference between
∆m231 and ∆m
2
32. In this context, the two-flavour formula (23) is no longer appropriate and should be
replaced by the three-flavour survival probability
P (ν¯e → ν¯e) = 1− cos4 θ13 sin2 2θ12 sin2
(
∆m221L
4E
)
− cos2 θ12 sin2 2θ13 sin2
(
∆m231L
4E
)
− sin2 θ12 sin2 2θ13 sin2
(
∆m232L
4E
)
. (38)
It has been shown in Ref. [56] that Eq. (38) is very well approximated at short distances by the formula
P (ν¯e → ν¯e) ' 1− cos4 θ13 sin2 2θ12 sin2
(
∆m221L
4E
)
− sin2 2θ13 sin2
(
∆m2eeL
4E
)
, (39)
in which ∆m2ee ≡ cos2 θ12∆m231 + sin2 θ12∆m232 can be viewed as the “νe-weighted average” of ∆m231
and ∆m232. Namely, Eq. (39) is accurate to better than one part in 10
4 for L/E < 1 km/MeV [57].
This makes it possible to determine |∆m231| from the measurement of |∆m2ee| (assuming a given mass
ordering and using the knowledge of θ12 and ∆m
2
21 from other experiments), with a better precision
than through Eq. (23). For more precise reactor neutrino experiments, a more accurate formula than
Eq. (39) can be used to determine |∆m2ee| [57].
Long-baseline reactor neutrino experiments such that ∆m221L/E ∼ 1 are sensitive to oscillations
governed by ∆m221, while the subleading ∆m
2
31- and ∆m
2
32-driven oscillations in Eq. (38) are averaged
due to the limited energy resolution of the detector, leading to the survival probability (25). However,
an improvement of the energy resolution could in principle render these experiments sensitive to the
fast, small-amplitude oscillations governed by ∆m231 and ∆m
2
32 that develop on top of the dominant
∆m221-driven oscillations. It has been suggested that a precision measurement of the energy spectrum
of reactor antineutrinos at a far detector would make it possible to distinguish between the normal and
inverted mass hierarchies (see Section 9 for details). Indeed, the last two terms in Eq. (38) lead to
different distorsions of the energy spectrum, depending on whether the hierarchy is normal (in which
case |∆m231| > |∆m232|) or inverted (in which case |∆m232| > |∆m231|).
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2.5 Neutrino propagation in matter
The interactions of neutrinos with electrons, protons and neutrons affect their propagation in matter,
leading to a variety of new phenomena, among which: (i) oscillations in matter with modified parameters
with respect to vacuum oscillations [58, 59]; (ii) resonant amplification of oscillations in a medium of
constant density [60, 61]; (iii) adiabatic flavour conversion in a medium of varying density like the
Sun [60, 61]; (iv) parametric enhancement of oscillations in a medium with several layers of alternating
densities [62, 63], which can be experienced by neutrinos passing through the core of the Earth [64, 65];
(v) collective effects from neutrino-neutrino interactions in core-collapse supernovae or in the early
universe [66, 67]; (vi) non-standard matter effects if new, flavour-violating neutrino interactions are
present [58]. In this review, we will essentially encounter matter effects of the type (i)–(iii), on which
we therefore focus in this section (see also Refs. [34, 35] for specialized reviews on the subject). We
refer the reader to other reviews for a discussion of the phenomena that are not addressed here, e.g. to
Refs. [33, 34] for item (iv) and to Section 4 of Ref. [68] for item (v).
2.5.1 Basic formalism
Neutrino propagation in matter can be described by a Schro¨dinger-like equation:
i
d
dt
|ν(t)〉 = H |ν(t)〉 , (40)
where |ν(t)〉 is the neutrino state vector at time t, and the Hamiltonian H can be split into a free
(kinetic energy) part H0 describing neutrino propagation in vacuum and a potential term V induced
by the interactions of neutrinos in the medium [58]:
H = H0 + V . (41)
It is convenient to write the evolution equation (40) in the flavour eigenstate basis { |νe〉 , |νµ〉 , |ντ 〉}:
i
d
dt
νβ(t) =
∑
γ
Hβγ νγ(t) , β, γ = e, µ, τ . (42)
In Eq. (42), the Hβγ ≡ 〈νβ|H |νγ〉 are the Hamiltonian matrix elements in the flavour basis, and νβ(t) ≡
〈νβ|ν(t)〉 is the projection of the neutrino state vector onto the basis vector |νβ〉, i.e. the probability
amplitude to find the neutrino in the flavour eigenstate |νβ〉 at time t. Thus, if the neutrino is produced
at t = 0 in the flavour eigenstate |να〉, the oscillation probability is given by P (να → νβ; t) = |νβ(t)|2.
Let us first consider the vacuum Hamiltonian. In the flavour basis, it is given by6:
H0 = U Diag (E1, E2, E3)U
†, Ei =
√
p2 +m2i , (43)
where p is the modulus of the neutrino momentum, mi the mass of the i
th neutrino mass eigenstate
(i = 1, 2, 3) and U the lepton mixing matrix. Assuming ultrarelativistic neutrinos, one can expand
Ei ' p+m2i /(2E) (in which E ' p) and redefine H0 → H0 − p1 to obtain:
H0 =
1
2E
U Diag (m21,m
2
2,m
2
3)U
† =
M †νMν
2E
, (44)
6This expression can be easily derived by noting that, in the mass eigenstate basis, the vacuum Hamiltonian is
diagonal with eigenvalues Ei: 〈νi|H |νj〉 = Eiδij . Using |νβ〉 =
∑
i U
∗
βi |νi〉, one then arrives at Hβγ = 〈νβ |H |νγ〉 =∑
i,j UβiU
∗
γj 〈νi|H |νj〉 =
∑
i UβiU
∗
γiEi.
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where Mν is the neutrino mass matrix in the flavour basis. Indeed, removing a term proportional to the
unit matrix from H only affects the overall phase of the neutrino state vector7, which is unobservable.
In the two-flavour case, Eq. (44) reduces to (after subtracting another term proportional to 1 from H0):
H0 =
(−∆m2
2E
cos 2θ ∆m
2
4E
sin 2θ
∆m2
4E
sin 2θ 0
)
, (45)
where ∆m2 = m22 −m21, and θ is the angle that parametrizes the 2× 2 lepton mixing matrix (omitting
a phase irrelevant to oscillations in the Majorana case):(|να〉
|νβ〉
)
=
(
cos θ sin θ
− sin θ cos θ
)(|ν1〉
|ν2〉
)
. (46)
The matter potential V is induced by coherent forward scatterings of neutrinos on electrons and
nucleons in the medium, which leave the neutrino momentum unchanged and can therefore interfere with
the propagation of the unscattered neutrinos [58]. It receives a contribution from W boson exchange
(charged current) that is present only for electron neutrinos, as ordinary matter does not contain muons
nor taus, and another one from Z boson exchange (neutral current) that is identical for all neutrino
flavours. The matter potential is diagonal in the flavour basis:
Vαβ = Vα δαβ = (VCC,α + VNC,α) δαβ , (47)
where the charged current contribution VCC,α depends on the neutrino flavour α, while the neutral
current contribution VNC,α is flavour universal (a detailed derivation of these potentials can be found in
the review [69]):
VCC,α =
{√
2GFne(x) α = e
0 α = µ, τ
, VNC,α = −GF√
2
nn(x) (α = e, µ, τ) . (48)
In Eq. (48), GF = 1.166 × 10−5 GeV−2 is the Fermi constant and ne(x), nn(x) are the electron and
neutron densities in the medium8, which a priori depend on the spatial position x. For antineutrinos,
the matter potential has the opposite sign:
Vα(ν¯) = −Vα(ν) . (49)
After subtraction of the universal neutral current contribution, the matter Hamiltonian for neutrinos
is given by, in the flavour basis:
Hβγ =
1
2E
∑
i
UβiU
∗
γim
2
i + VCC,β δβγ . (50)
For antineutrinos, the following replacements should be made in Eq. (50):
U → U∗ , V → −V . (51)
7This is true even if this term is time dependent. If νβ(t) satisfies the evolution equation (42) with Hamiltonian H,
then ν′β(t) = e
i
∫ t
0
E0(t
′)dt′ νβ(t) satisfies the same equation with the shifted Hamiltonian H
′ = H−E0(t)1. H and H ′ lead
to the same oscillation probabilities since |ν′β(t)|2 = |νβ(t)|2.
8Note that the neutral current contribution to the matter potential only depends on the neutron density: the proton
and electron contributions cancel out in VNC due to the assumed neutrality of the medium, which implies np = ne.
Eq. (48) also assumes that the medium is unpolarized and made of non-relativistic particles.
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In matter, the propagation eigenstates are not the mass eigenstates |νi〉 as in vacuum, but the
eigenstates of the matter Hamiltonian |νmi 〉, called matter eigenstates. They are related to the flavour
eigenstates by the mixing matrix in matter Um, which diagonalizes H:
H = Um
Em1 0 00 Em2 0
0 0 Em3
U †m ,
 |νe〉|νµ〉
|ντ 〉
 = U∗m
|νm1 〉|νm2 〉
|νm3 〉
 . (52)
The eigenvalues Emi of the matter Hamiltonian H are called the energy levels in matter. The amplitude
of probability to find the neutrino in the matter eigenstate |νmi 〉 at the time t, νmi (t) = 〈νmi |ν(t)〉, is
related to the amplitude of probability νβ(t) to find it in the flavour eigenstate |νβ〉 by the mixing matrix
in matter:
νβ(t) =
∑
i
(Um)βi ν
m
i (t) . (53)
Eq. (53) is nothing but the generalization of the vacuum relation νβ(t) =
∑
i Uβi νi(t).
In many physical contexts, such as neutrino propagation in the Sun, it is a good approximation to
work in the two-flavour framework. In the flavour eigenstate basis { |νe〉 , |νβ〉} (where β = µ, τ), the
matter Hamiltonian is given by:
H =
(−∆m2
2E
cos 2θ ±√2GFne ∆m24E sin 2θ
∆m2
4E
sin 2θ 0
)
, (54)
in which ∆m2 and θ are the relevant vacuum oscillation parameters, and the + sign (resp. the − sign) is
for neutrinos (resp. for antineutrinos). This Hamiltonian is diagonalized by the mixing angle in matter
θm [58]:
H = Um
(
Em1 0
0 Em2
)
U †m , Um =
(
cos θm sin θm
− sin θm cos θm
)
, (55)
where (with a − sign for neutrinos and a + sign for antineutrinos)
Em2 − Em1 =
∆m2
2E
√(
1∓ ne
nres
)2
cos2 2θ + sin2 2θ , (56)
sin 2θm =
sin 2θ√(
1∓ ne
nres
)2
cos2 2θ + sin2 2θ
, (57)
cos 2θm =
(
1∓ ne
nres
)
cos 2θ√(
1∓ ne
nres
)2
cos2 2θ + sin2 2θ
, (58)
in which we have introduced the resonance density
nres =
∆m2 cos 2θ
2
√
2GFE
. (59)
If ∆m2 cos 2θ > 0 (resonance condition for neutrinos), the mixing angle in matter θm is maximal when
ne = nres, irrespective of the (nonzero) value of the vacuum mixing angle θ [60, 61]:
sin2 2θm = 1 for ne = nres (case ∆m
2 cos 2θ > 0) . (60)
This is the well-known MSW (Mikheev-Smirnov-Wolfenstein) resonance. For antineutrinos, the reso-
nance condition is ∆m2 cos 2θ < 0, and the resonance occurs for ne = −nres (in this case, it is −nres
that is positive and can be interpreted as a resonance density).
The physics of neutrino flavour transitions in matter depends on whether the matter density is
constant or not. We discuss both cases in turn below.
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2.5.2 Medium with constant matter density
Let us first consider the case of a medium with constant matter density, ne(x) = ne = const. In
this case, the Hamiltonian remains constant during the propagation of the neutrinos; hence the matter
eigenstates |νmi 〉, the energy levels Emi and the mixing matrix Um do not depend on time. Inserting
Eq. (53) into Eq. (42), one then obtains n decoupled evolution equations for the probability amplitudes
νmi (t):
i
d
dt
νmi (t) = E
m
i ν
m
i (t) , (61)
which are trivially solved by νmi (t) = e
−iEmi t νmi (0) . Using again Eq. (53), one arrives at the oscillation
probability in matter:
Pm(να → νβ) = |νβ(t)|2 =
∣∣∣∣∣∑
i
(Um)βi ν
m
i (t)
∣∣∣∣∣
2
=
∣∣∣∣∣∑
i
(Um)βi(Um)
∗
αi e
−iEmi t
∣∣∣∣∣
2
. (62)
Thus neutrino oscillations in a medium of constant density are governed by the same formula as vacuum
oscillations, with the oscillation parameters in vacuum replaced by the oscillation parameters in matter.
More specifically, in the two-flavour case [58]:
Pm(να → νβ) = sin2 2θm sin2 (E
m
2 − Em1 )t
2
(α 6= β) , (63)
from which one can define an oscillation length in matter:
Lmosc. =
2pi
|Em2 − Em1 |
. (64)
The oscillation length is maximal at the resonance ne = nres, where it is related to the oscillation length
in vacuum by Lmosc. = 4piE/(|∆m2| sin 2θ) = Losc./ sin 2θ.
Matter effects can have a spectacular impact on oscillations when the vacuum mixing angle is small
(this is the case only for θ13 in practice). Assuming non-maximal mixing in vacuum, one can identify
three noticeable regimes:
(i) low density (ne  |nres|): sin2 2θm ' sin2 2θ
(
1± 2ne
nres
cos2 2θ
)
, where the + sign is for neutrinos,
and the − sign for antineutrinos. Vacuum oscillations dominate, with subleading matter effects;
(ii) close to the resonance (ne ' |nres|), oscillations are enhanced with respect to vacuum oscillations
(sin2 2θm ' 1) if the resonance condition is satisfied, while they are suppressed if it is not satisfied
(sin2 2θm ' tan2 2θ/(4 + tan2 2θ));
(iii) high density (ne  |nres|): sin2 2θm ' tan2 2θ/( nenres )2. Oscillations are suppressed by matter
effects.
Due to their different interactions with matter, neutrinos and antineutrinos oscillate with unequal
probabilities when they travel through a medium, even in the absence of CP violation. This effect is
maximal at the resonance, where depending on the sign of ∆m2 cos 2θ either neutrino or antineutrino
oscillations are resonantly enhanced. This property is used by experiments aiming at determining the
mass hierarchy, i.e. whether ∆m231 > 0 or ∆m
2
31 < 0. In the first case (normal mass ordering), neutrino
oscillations are enhanced over antineutrino oscillations, while the opposite is true in the second case
(inverted mass ordering).
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Earth matter effects must be taken into account in the analysis of solar and atmospheric neutrino
data9. Indeed, at night, neutrinos emitted by the Sun travel through the Earth before reaching the
detector, leading to the so-called Earth regeneration effect [70]: part of the solar neutrinos that have
oscillated into muon or tau neutrinos are converted back to electron neutrinos in the Earth. As a
result, one can observe a day-night asymmetry in the solar neutrino data (which is numerically small
in practice, see Section 3). The origin of this effect is simply that oscillation parameters in matter
differ from oscillation parameters in vacuum. In particular, high-energy solar neutrinos exit the Sun
in the mass eigenstate |ν2〉 (see Subsection 2.5.3), which is a propagation eigenstate in vacuum, but
not in matter; hence they remain in the same state on their way from the Sun to the Earth, but they
oscillate when they travel through the Earth (see the review [33] for details). Upward-going atmospheric
neutrinos are also subject to Earth matter effects, which modify their zenith angle distribution with
respect to the case of vacuum oscillations. This property can be exploited to determine the mass
hierarchy with neutrino telescopes (see Section 9).
2.5.3 Medium with varying matter density
When the density of the medium varies along the neutrino trajectory, ne(x) 6= const, the Hamiltonian
governing the evolution of the system becomes time-dependent. As a result, the matter eigenstates, en-
ergy levels and mixing angles in matter all depend on time, and are called instantaneous quantities. The
relations (52) and (53) are still valid, but with instantaneous energy levels Emi (t), mixing matrix Um(t)
and matter eigenstates |νmi (t)〉. It follows that the evolution equations for the probability amplitudes
νmi (t) = 〈νmi (t)|ν(t)〉 are now coupled:
i
d
dt
νmi (t) = E
m
i (t)ν
m
i (t)− i
∑
γ
(U∗m)γi(t)(U˙m)γj(t) ν
m
j (t) , (65)
where a dot on a quantity means derivative with respect to time, e.g. U˙m(t) ≡ ddt Um(t). In the
two-flavour case, these equations reduce to
i
d
dt
(
νm1 (t)
νm2 (t)
)
=
(
Em1 (t) −iθ˙m(t)
iθ˙m(t) E
m
2 (t)
)(
νm1 (t)
νm2 (t)
)
. (66)
The terms proportional to θ˙m(t) in the evolution equations induce transitions between the matter
eigenstates |νm1 (t)〉 and |νm2 (t)〉, which are therefore no longer propagation eigenstates: a neutrino has a
certain probability to “jump” from one matter eigenstate to another while travelling through a medium
of varying density [70, 71, 72]. These transitions are more likely to occur when the neutrinos cross a
resonance layer, where the splitting between the energy levels Em1 and E
m
2 is minimal. However, it turns
out that in most physical environments (in particular in the Sun), the variation of the matter density is
slow enough that these off-diagonal terms can be neglected, i.e. |θ˙m(t)|  |Em2 − Em1 |. Physically, this
amounts to say that the oscillation length at the resonance is (much) smaller than the spatial width
of the resonance [60]. In this case, the evolution of the neutrino system is said to be adiabatic10: a
9While the electron density is not constant in the Earth, it is a good approximation to consider it as made of layers of
constant density (the crust, the mantle, the outer core and the inner core). For the study of neutrino oscillations in the
Earth, the two-layer (mantle-core) approximation is often sufficient [33].
10One can define an adiabaticity criterion by introducing the parameter γ(t) ≡ |Em2 (t)−Em1 (t)|
2|θ˙m(t)| ; the evolution is adiabatic
when γ  1 [70, 71]. It is non adiabatic when γ < 1, in which case transitions between different matter eigenstates are
possible. If the neutrinos pass through a resonance layer, the adiabaticity parameter should be evaluated at the resonance
point: γ ≡
∣∣∣Em2 −Em1
2θ˙m
∣∣∣
res
=
∣∣∣∆m2 sin2 2θ2E cos 2θ ∣∣∣ ∣∣∣ 1nres (dndx )res∣∣∣−1. Given the electron density profile in the Sun and the values of
the oscillation parameters ∆m221 and θ12, this criterion is satisfied for all solar neutrino energies.
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neutrino produced in a given instantaneous matter eigenstate will follow the change in matter density
during its propagation and remain in the same matter eigenstate. However, its flavour composition will
evolve, since the instantaneous matter eigenstates change as the matter density varies along the neutrino
trajectory. This mechanism of neutrino flavour transition is qualitatively different from oscillations in a
medium with constant matter density, and is called adiabatic flavour conversion or MSW effect [60, 61].
A particular situation, realized in dense astrophysical environments like supernovae or the Sun, is
the one of level-crossing. It arises when the electron density in the neutrino production region (e.g.
the center of the Sun) is much larger than the resonance density11, so that the neutrinos cross the
resonance layer during their propagation. When this is the case, matter eigenstates approximately
coincide with flavour eigenstates at production, as can be seen by taking the limit ne/nres → ∞ in
Eq. (57) and (58). For instance, in the center of the Sun, one has |νe〉 ' |νm2 (r = 0)〉 and |νβ〉 '
− |νm1 (r = 0)〉 (where |νβ〉 describes a neutrino of either muon or tau flavour) for neutrino energies
E  2 MeV, for which the condition ne(r = 0)  nres is satisfied. Hence high-energy solar neutrinos
are produced as quasi pure eigenstates of propagation in matter, and since their evolution is adiabatic,
they remain in the instantaneous matter eigenstate |νm2 (r)〉 during their propagation. Eventually, they
exit the Sun in the mass eigenstate |ν2〉, since by continuity |νm2 (r)〉 = |ν2〉 at the radial coordinate r
where the electron density vanishes. In other words, their flavour composition has changed as a result
of the evolution of the instantaneous matter eigenstates: produced as pure electron neutrinos, they
exit the Sun as mass eigenstates, i.e. as admixtures of all neutrino flavours. Finally, mass eigenstates
being eigenstates of propagation in vacuum, they reach the Earth in the state |ν2〉, leading to a survival
probability Pee = |〈νe|ν2〉|2 ' sin2 θ12 [60, 61]. This formula describes reasonably well the behaviour of
the high-energy part of the 8B neutrino spectrum, which has been measured by the Super-Kamiokande
and SNO experiments. Low-energy solar neutrinos (pp neutrinos), on the contrary, do not undergo
adiabatic flavour conversions, but their evolution is dominated by vacuum oscillations. Indeed, they
are characterized by a higher resonance density for which ne(r = 0)  nres, so that matter effects can
be neglected to a good approximation, leading to a survival probability Pee ' 1− 12 sin2 2θ12.
A more general formula for the electron neutrino survival probability on Earth, valid for all solar
neutrino energies, is given by [34]
Pee = sin
2 θ12 + cos
2 θ012,m cos 2θ12 , (67)
in which θ012,m is the 1-2 mixing angle at the center of the Sun, whose value is given by Eq. (58)
with ne = ne(r = 0). The two limiting cases discussed above are easily recovered from Eq. (67).
For low-energy solar neutrinos satisfying nres  ne(r = 0), one has cos θ012,m ' cos θ12 from Eq. (58),
implying Pee ' sin2 θ12+cos2 θ12 cos 2θ12 = 1− 12 sin2 2θ12, while for high-energy solar neutrinos satisfying
nres  ne(r = 0), one has instead cos θ012,m ' 0, from which Pee ' sin2 θ12. For intermediate solar
neutrino energies, 0 < cos θ012,m < cos θ12 and the formula (67) interpolates between Pee = 1− 12 sin2 2θ12
and Pee = sin
2 θ12. More precisely, cos θ
0
12,m decreases monotonically when the neutrino energy increases,
and (using the experimental information that cos 2θ12 > 0) so does the survival probability. Thus, for
the measured value of the 1-2 mixing angle, adiabatic flavour conversions in the Sun are less efficient
for intermediate-energy solar neutrinos than for high-energy ones. This can be understood by noting
that the latter exit the Sun in the mass eigenstate |ν2〉, while the former also have a |ν1〉 component,
which has a larger probability (namely cos2 θ12) of being detected as an electron neutrino.
11The terminology “level-crossing” is justified by the fact that the asymptotes (corresponding to the limit n → ∞) of
the energy levels cross at the resonance.
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2.5.4 Three-flavour oscillations with matter effects
For long-baseline oscillation experiments in which matter effects cannot be neglected, the vacuum
formula (35) for the νµ → νe oscillation probability must be replaced by [73, 74]
P (νµ → νe) ' sin2 θ23 sin
2 2θ13
(A− 1)2 sin
2 [(A− 1)∆31] + α2 cos2 θ23 sin
2 2θ12
A2
sin2(A∆31)
+ α
cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 cos δCP
A(1− A) cos ∆31 sin(A∆31) sin [(1− A)∆31]
− α cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 sin δCP
A(1− A) sin ∆31 sin(A∆31) sin [(1− A)∆31] , (68)
where α ≡ ∆m221/∆m231, ∆31 ≡ ∆m231L/4E and the matter effects are encoded in the parameter
A ≡ 2V E/∆m231 = 2
√
2GFneE/∆m
2
31. The corresponding probability for ν¯µ → ν¯e oscillations can be
obtained by switching the signs of the CP-violating phase δCP and of the matter parameter A. Like the
vacuum formula (35), Eq. (68) is an expansion to second order in the small quantities α and sin θ13.
It assumes in addition a constant electron density ne, which in practice is a good approximation up
to very long baselines, since neutrinos travel only through the mantle for L . 11000 km. However, it
gives less good results for baselines L & 11000 km (E/1 GeV)(7.5 × 10−5 eV2/∆m221), for which ∆m221-
driven oscillations cannot be linearized [74]. Furthermore, its validity is restricted to beam energies
E & 0.34 GeV (∆m221/7.5 × 10−5 eV2)(2.8 g.cm−3/ρ), where ρ is the Earth matter density in g.cm−3,
because for smaller energies also the “solar” resonance (i.e. the matter effects associated with the
squared-mass difference ∆m221) should be taken into account [74].
The terms in Eq. (68) are in one-to-one correspondence with the ones in the vacuum formula (35):
the first term corresponds to the dominant, ∆m231-driven oscillations; the second one to the ∆m
2
21-
driven oscillations, as the presence of the suppression factor α2 shows; the third and fourth ones
are the CP-even and the CP-odd terms, proportional to J cot δCP and to J , respectively, where J =
cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 sin δCP/8 is the Jarlskog invariant.
The parameter A can be written A = ne cos 2θ13/nres, where nres = ∆m
2
31 cos 2θ13/(2
√
2GFE) is
the “atmospheric” resonance density. It therefore quantifies the importance of matter effects on ∆m231-
driven oscillations: the smaller A, the smaller the matter effects (since A 1 corresponds to ne  nres).
One can check that, in the limit of negligible matter effects (i.e. A→ 0), Eq. (68) reduces to the vacuum
formula (35). As mentioned in Section 2.3, the experimental challenge will be to disentangle matter
effects from CP violation, since both of them create an asymmetry between νµ → νe and ν¯µ → ν¯e
oscillations, depending on the sign of ∆m231 for matter effects, and on the value of the “Dirac” phase
δCP for CP violation.
2.6 Sterile neutrinos
The number of light active neutrinos (i.e. of neutrinos with mass below MZ/2 and the same gauge
interactions as the known left-handed neutrinos) is constrained by the LEP measurement of the invisible
decay width of the Z boson [75]:
Nν ≡ Γ
invisible
Z
Γ(Z → νν¯)SM = 2.9840± 0.0082 , (69)
where Γ(Z → νν¯)SM is the partial decay width into a single neutrino species computed in the Standard
Model. This rules out the possibility of a fourth light active neutrino beyond the three ones already
present in the Standard Model. It is not excluded, however, that additional neutrinos without elec-
troweak interactions may exist. Such neutrinos, called sterile, would interact only through their mixing
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with the active neutrinos νeL, νµL, ντL and (provided that they are light enough) would affect their
oscillations. For this reason, sterile neutrinos with masses around 1 eV have been invoked as a possible
explanation of experimental anomalies that cannot be accounted for in the framework of three-flavour
oscillations (see Section 8). However, cosmological data, which constrains the number of effectively
massless degrees of freedom to be Neff = 3.15± 0.23 (68% C. L.) [76] and sets an upper bound on the
sum of neutrino masses, is at odds with the hypothesis of a light sterile neutrino. In the following, we
concentrate on the case of light (eV-scale) sterile neutrinos that is relevant to short-distance oscillations
(for reviews on the subject, see e.g. Refs [39, 40]).
2.6.1 Vacuum oscillations in the presence of sterile neutrinos
In the presence of n light sterile neutrinos, the PMNS matrix is extended to a (3 + n) × (3 + n)
unitary matrix relating the left-handed mass eigenstates ν1L, ν2L, . . . ν(3+n)L to the left-handed flavour
eigenstates νeL, νµL, ντL, νs1L, . . . νsnL. In the case of a single sterile neutrino (n = 1), one has:
νe(x)
νµ(x)
ντ (x)
νs(x)

L
= U

ν1(x)
ν2(x)
ν3(x)
ν4(x)

L
=

Ue1 Ue2 Ue3 Ue4
Uµ1 Uµ2 Uµ3 Uµ4
Uτ1 Uτ2 Uτ3 Uτ4
Us1 Us2 Us3 Us4


ν1(x)
ν2(x)
ν3(x)
ν4(x)

L
. (70)
The (3 + n)-flavour oscillation probability is given by the same formula (12) as in the three-flavour
case, but with α = e, µ, τ, s1 . . . sn and i = 1, 2, 3, 4 . . . (3 + n). In practice, since sterile neutrinos are
not detectable, we are only interested in oscillations of active neutrinos, which involve the truncated
3 × (3 + n) matrix {Uαi}α=e,µ,τ ; i=1...(3+n) instead of the full (3 + n) × (3 + n) PMNS matrix. This
truncated matrix can be parametrized by 3(n + 1) mixing angles, 2n + 1 “Dirac phases” and, in the
Majorana case, n + 2 additional “Majorana phases”. In the case of a single sterile neutrino (n = 1),
the 3 additional mixing angles are denoted by θ14, θ24 and θ34; alternatively, one may parametrize the
active-sterile mixing by the PMNS matrix entries Ue4, Uµ4 and Uτ4. Writing the 4 × 4 PMNS matrix
as U = U34U24U14U23U13U12P [77], where Uij is a unitary rotation in the (i, j) plane and P a diagonal
matrix containing the Majorana phases (P = 1 in the Dirac case), one has, omitting CP-violating
phases:
Ue4 = s14 , Uµ4 = c14s24 , Uτ4 = c14c24s34 , (71)
in which cij ≡ cos θij and sij ≡ sin θij.
For definiteness, we now focus on the case of a fourth neutrino with a mass m4  m1,2,3 well
separated from the other mass eigenstates, leading to
∆m2SBL ≡ ∆m241 ' ∆m242 ' ∆m243  |∆m231|, |∆m232|, ∆m221 . (72)
This split spectrum is relevant to the anomalies reported by some short-baseline experiments, which
could be explained by oscillations governed by a squared-mass difference ∆m2SBL ∼ 1 eV2. The “3+1”
spectrum m4 '
√
∆m2SBL  m1,2,3 is favoured over the “1+3” spectrum m1,2,3 '
√
∆m2SBL  m4 by
cosmological considerations, because the sum of neutrino masses would be much larger in the latter
case. If one considers short-baseline oscillations for which ∆m2atmL/E  ∆m2SBLL/E . 1, it is a
reasonable approximation to set ∆m231 = ∆m
2
21 = 0 in the (3+1)-flavour oscillation formula (which
implies ∆m243 = ∆m
2
42 = ∆m
2
41 ≡ ∆m2SBL). One arrives at
P (να → να) = 1− sin2 2θSBLαα sin2
(
∆m241L
4E
)
, sin2 2θSBLαα ≡ 4 |Uα4|2
(
1− |Uα4|2
)
, (73)
for disappearance probabilities, and
P (να → νβ) = sin2 2θSBLαβ sin2
(
∆m241L
4E
)
, sin2 2θSBLαβ ≡ 4 |Uα4Uβ4|2 (β 6= α) , (74)
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for appearance probabilities. Since these formulae describe effective two-flavour oscillations, they do
not involve any CP violation, i.e. the short-baseline appearance probability (74) is the same for neu-
trinos and antineutrinos (disappearance probabilities are always CP conserving). For short-baseline ν¯e
disappearance at nuclear reactors (resp. νµ/ν¯µ disappearance at accelerators), one has:
sin2 2θSBLee = 4 |Ue4|2
(
1− |Ue4|2
)
= sin2 2θ14 , (75)
sin2 2θSBLµµ = 4 |Uµ4|2
(
1− |Uµ4|2
)
= cos2 θ14 sin
2 2θ24 + sin
4 θ24 sin
2 2θ14 , (76)
while for νe(ν¯e) appearance in a νµ(ν¯µ) beam:
sin2 2θSBLµe = 4 |Uµ4Ue4|2 = sin2 θ24 sin2 2θ14 . (77)
Since an order one mixing between the sterile neutrino and the active ones would also affect long-
baseline oscillations (including the oscillations of solar and atmospheric neutrinos), the mixing angles
θ14 and θ24 (or equivalently the PMNS matrix entries Ue4 and Uµ4) cannot be large. Approximating
1− |Ue4|2 ' 1 and 1− |Uµ4|2 ' 1 in Eqs. (75) and (76), one obtains the relation
sin2 2θSBLµe '
1
4
sin2 2θSBLee sin
2 2θSBLµµ , (78)
which, given experimental constraints on short-baseline νe and νµ disappearance, provides an upper
limit on short-baseline νµ → νe oscillations.
Finally, let us briefly discuss the case of two additional sterile neutrinos. We consider the “3+2”
spectrum, in which the two heaviest mass eigenstates, which are mostly sterile neutrinos, are split
from the other three: m5 > m4  m1,2,3. In this case, short-baseline oscillations with ∆m2atmL/E 
∆m241L/E < ∆m
2
51L/E . 1 depend on two independent squared-mass differences, ∆m241 and ∆m251
(while ∆m254 = ∆m
2
51 −∆m241). The short-baseline disappearance probabilities are given by [78]
P (να → να) = 1− 4 |Uα4|2
(
1− |Uα4|2 − |Uα5|2
)
sin2
(
∆m241L
4E
)
− 4 |Uα5|2
(
1− |Uα4|2 − |Uα5|2
)
sin2
(
∆m251L
4E
)
− 4 |Uα4Uα5|2 sin2
(
∆m254L
4E
)
, (79)
while for appearance:
P (να → νβ) = 4 |Uα4Uβ4|2 sin2
(
∆m241L
4E
)
+ 4 |Uα5Uβ5|2 sin2
(
∆m251L
4E
)
+ 8 |Uα4Uβ4Uα5Uβ5| sin
(
∆m241L
4E
)
sin
(
∆m251L
4E
)
cos
(
∆m254L
4E
− η
)
, (80)
where η ≡ arg (Uα4U∗β4U∗α5Uβ5). For ν¯α → ν¯β oscillations, the − sign in front of the CP-violating
phase η in Eq. (80) should be replaced by a + sign. Thus CP violation in short-distance appearance
experiments is possible in the presence of two sterile neutrinos, at variance with the 3+1 case. The
price to pay is a larger number of parameters, and an increased tension with cosmology.
2.6.2 Matter effects in the presence of sterile neutrinos
Sterile neutrinos have an impact on matter effects, because they do not interact with the fermions
constituting the medium, at variance with the electron, muon and tau neutrinos. This can lead to an
important enhancement of matter effects, e.g. in oscillations of atmospheric neutrinos passing through
the Earth [79].
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The formalism presented in Subsection 2.5 can be straightforwardly extended to the case of 3 + n
flavours, where the n additional states correspond to sterile neutrinos. The matter Hamiltonian Hβγ
can be written in a form similar to Eq. (50):
Hβγ =
1
2E
∑
i
UβiU
∗
γim
2
i + Vβ δβγ , (81)
in which the indices β, γ run over e, µ, τ, s1 . . . sn, the index i runs over 1, 2, 3, 4 . . . (3 + n), and the
potential Vβ receives the following charged current (CC) and neutral current (NC) contributions:
VCC,β =
{√
2GFne(x) β = e
0 β = µ, τ, s1 . . . sn
, VNC,β =
{−GF√
2
nn(x) β = e, µ, τ
0 β = s1 . . . sn
. (82)
The main difference with the case of active neutrinos only is that VNC is not flavour universal, hence
its contribution cannot be subtracted from the matter Hamiltonian. This has an impact, in particular,
on the oscillations of atmospheric muon neutrinos in the Earth, if they mix with a sterile neutrino [80].
Finally, in problems where only one active flavour α and one sterile flavour s are relevant, the matter
Hamiltonian in the flavour eigenstate basis { |να〉 , |νs〉} is given by Eq. (54) with the replacement
ne → ne − 12 nn if α = e ,
ne → −12 nn if α = µ, τ ,
(83)
while the oscillation parameters in matter are given by Eqs. (56)–(58) with the same replacement.
2.7 Non-standard neutrino interactions
Physics beyond the Standard Model can lead to new, subleading effects in neutrino oscillations. Leaving
aside the case of light sterile neutrinos discussed in the previous section, these effects can be parametrized
by four-fermion effective operators leading to so-called non-standard neutrino interactions (NSI). We
shall give only a brief overview of NSI in this section, and refer the reader to reviews such as Refs [81, 82].
One can distinguish between two kinds of NSI, of the charged-current type (CC-NSI) and of the
neutral-current type (NC-NSI):
− 2
√
2GF 
qq′
αβ (ν¯αLγ
µ`βL) (q¯
′γµPq) (CC-NSI, quarks) (84)
− 2
√
2GF 
γδ
αβ (ν¯αLγ
µ`γL)
(
¯`
δLγµνβL
)
(CC-NSI, leptons) (85)
− 2
√
2GF 
f
αβ (ν¯αLγ
µνβL)
(
f¯γµPf
)
(NC-NSI) (86)
where α, β, γ, δ = e, µ, τ are flavour indices, q and q′ are quarks, f is a charged lepton or a quark, P
is either the chirality projector PL =
1−γ5
2
or PR =
1+γ5
2
, and the αβ’s are dimensionless coefficients,
conventionally expressed in units of the Fermi constant GF . Note that γ 6= δ in the purely leptonic
CC-NSI, otherwise the operator would fall in the class of NC-NSI. Since α can be different from β,
non-standard interactions violate neutrino flavour in general. In practice, only the operators with
(q, q′) = (u, d), (γ, δ) = (e, µ) and f = u, d, e can affect neutrino oscillations. The CC-NSI modify
the neutrino production and detection processes, and can therefore induce flavour change even at very
short distances. For instance, the operators (ν¯eLγ
µµL)(d¯γµPu) and (ν¯eLγ
µµL)(e¯LγµνeL) induce the
decays pi+ → µ+νe and µ− → e−ν¯eνe, respectively, both of which mimic νµ → νe oscillations; in the
detector, (ν¯µLγ
µeL)(d¯γµPu) induces the reaction ν¯µ + p → n + e+, which mimics ν¯µ → ν¯e oscillations.
The NC-NSI, on the other hand, affect neutrino propagation in matter [58]. Indeed, the operators
(ν¯αLγ
µνβL)(f¯γµPf) modify the forward coherent scatterings of neutrinos on the electrons and nucleons
21
of the medium, resulting in new, flavour-diagonal and off-diagonal contributions to the neutrino potential
in matter, in addition to the standard contribution from W and Z boson exchange. The NC-NSI also
have an impact on neutrino detection processes that do not involve the production of a charged lepton.
For instance, the operators (ν¯αLγ
µνβL)(e¯γµPe) modify the neutrino-electron elastic scattering cross-
section, thus affecting the solar neutrino rate measured by experiments like Super-Kamiokande.
There are numerous constraints on non-standard neutrino interactions. The CC-NSI contribute to
a variety of electroweak processes; upper bounds on the coefficients udαβ and 
µe
αβ are typically of order
10−2 at the 90% C.L. (see e.g. Ref. [83]). The NC-NSI are constrained both by neutrino scattering
experiments and by oscillation data (see e.g. Ref. [84]); the upper bounds on the coefficients uαβ, 
d
αβ
and eαβ are somewhat weaker than the ones on CC-NSI, of order 0.1 (10
−2 for some of them). These
bounds leave some room for observable effects of non-standard neutrino interactions at future long-
baseline oscillation experiments12 [82]. Given however that the operators (84)–(86) must arise from
some gauge-invariant extension of the Standard Model, they are likely to be accompanied by operators
such as (¯`αLγ
µ`βL)(f¯γµPf), with coefficients related to the 
f
αβ. Among these operators, the ones that
violate lepton flavour (i.e. with α 6= β) are severely constrained by the non-observation of processes like
µ→ eγ or µ→ e conversion in nuclei, yielding strong indirect upper bounds on the corresponding NSI.
New physics models in which the connection between non-standard neutrino interactions and charged-
lepton flavour violation can be avoided have been found (see e.g. Refs. [86, 87]), but they generally fail
to generate large NSI coefficients. A possible way out is provided by models with light mediators (see
e.g. Ref. [88]).
3 The 1-2 sector
3.1 The Sun interior and neutrino fluxes
The Sun is a star of the main sequence in the stable hydrogen fusion regime. It produces its energy by
nuclear fusion reactions in its core, described by the overall equation:
4p→ 4He + 2e+ + 2νe (87)
After positron annihilation with electrons, the energy balance is equal to Es = 26.73 MeV per helium
nucleus produced, including the mean energy of the neutrinos, amounting to approximately Eν = 0.6
MeV. The total flux φ of solar neutrinos on Earth can be estimated from the solar constant (or solar
irradiance) F = 1.36 kW/m2 as φ = 2F
Es−Eν = 6.5× 1010cm−2s−1.
The resulting neutrino flux is due to several reaction chains contributing to the overall equation (87).
The main reactions are shown in Table 1, and the expected neutrino flux is shown in Fig. 1. In addition
to the pp chain, the catalytic CNO cycle involving carbon, nitrogen and oxygen nuclei also takes place
in the Sun. This cycle is dominant in more massive stars, while in the Sun it only contributes about 1%
of the total energy production [89]. The neutrinos produced by a given reaction in the chain are usually
referred to by their parent particles. For the following of this discussion, it is important to notice that
neutrinos from different reactions span different energy ranges. The vast majority of the neutrino flux
is produced by the pp neutrinos, which are very difficult to observe because of their end point energy
of 0.42 MeV. The so-called 8B neutrinos are produced with energies up to 15 MeV and are easier to
observe in experiments with high energy thresholds. Other reactions produce monoenergetic neutrino
lines, namely the two 7Be lines at 0.38 MeV (10%) and 0.86 MeV (90%) from electron capture on 7Be
nuclei, and the pep line at 1.44 MeV. It must be noticed that these reactions have different dependences
12The presence of NSI may also lead to degeneracies affecting the determination of the neutrino oscillation parameters,
see e.g. Ref. [85] for the degeneracy between NC-NSI and δCP, and Ref. [84] for a global analysis of neutrino oscillation
data in the presence of NC-NSI.
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Table 1: Nuclear fusion reactions in the Sun and their neutrino fluxes (in units cm−2 s−1 times the factor
in the fifth column) according to the SSM GS98-SFII and AGSS09-SFII [89], with relative uncertainties
shown in the column labeled σ. The first five reactions are part of the pp chain, the last three reactions
are part of the CNO cycle.
Reaction EMAX (MeV) GS98 AGSS09 exp. σ (%) name
p+ p→ 2H + e+ + νe 0.42 5.98 6.03 1010 0.6 pp
p+ e− + p→ 2H + νe 1.44 1.44 1.47 109 1.2 pep
7Be+ e− → 7Li+ νe 0.86 5.00 4.56 109 7 7Be
8B → 8Be+ e+ + νe ' 15 5.58 4.59 106 14 8B
3He+ p→ 4He+ e+ + νe 18.77 8.04 8.31 103 30 hep
13N → 13C + e+ + νe 1.2 2.96 2.17 108 14 13N
15O → 15N + e+ + νe 1.73 2.23 1.56 108 15 15O
17F → 17O + e+ + νe 1.74 5.52 3.40 106 16 17F
on the temperature and density and therefore the core regions where they take place differ. The 8B
neutrinos are produced in the inner part of the core.
A Standard Solar Model (SSM) [90] is a model describing the Sun’s interior structure and the
thermonuclear reactions therein taking into account hydrostatic equilibrium, energy production and
transport through radiation and convection, opacity and chemical composition. The chemical compo-
sition is expressed as the initial abundance of hydrogen X, helium Y and heavier elements Z, with
X + Y + Z = 1. The model also needs to comply with various boundary conditions, like the observed
luminosity and radius of the Sun, as well as the chemical composition at its surface. From the point of
view of neutrino physics, the main outcome of a SSM is its prediction for the different components of
the neutrino flux.
Several SSM have been developed since the pioneering calculations by J. Bahcall in the 1960s,
with slightly different assumptions. For example, two representative SSM models [89], GS98-SFII and
AGSS09-SFII, differ in their assumptions for the abundance of heavier elements, the so-called metallicity,
which can be evaluated only indirectly from the solar atmosphere and from meteoritic abundances:
Z/X = 0.023 for GS98-SFII and Z/X = 0.018 for AGSS09-SFII. These two models also predict slightly
different fluxes of neutrinos, in particular the lower metallicity SSM AGSS09-SFII model predicts a 1%
cooler core, which results in a 10% lower flux for 8B neutrinos and a smaller neutrino flux from the
CNO cycle.
These models have been confronted with results from helioseismology, the field that studies the sound
waves propagating inside the Sun, giving informations on the density and pressure profiles. These data
show good agreement for GS98-SFII but some discrepancy for AGSS09-SFII [89]. This problem is known
as the solar abundance or metallicity problem. New solar models have been proposed recently [91].
3.2 The early experiments
The radiochemical detection of neutrinos using the reaction νe
37Cl → 37Ar e− was first suggested by
Bruno Pontecorvo in 1946 [92]. This reaction has a threshold of 0.814 MeV and is therefore mainly
sensitive to the 8B and 7Be solar neutrinos.
In 1965, after previous experiments with this technique on surface, Ray Davis started to construct
a major experiment deep underground at Homestake (South Dakota), with 615 t of perchloroethylene
(C2Cl4), which took data between 1968 and 2002 [93]. The argon production rate induced by solar
neutrino was 0.48 counts per day, over a background of 0.09 counts per day due to the interactions
initiated by highly energetic muons with nuclei (so-called cosmogenics). The 37Ar half-life of 35 days
allows to expose the tank for a period of 60-70 days, followed by the efficient extraction of the produced
23
Figure 1: Left: solar neutrino spectra and SSM uncertainties [89]. Right: measurements of the solar
neutrino fluxes by various early experiments compared to the SSM prediction [89]. Courtesy of Haxton
et al. Reproduced with permission from W.C. Haxton et al., Ann. Rev. Astronom. Astrophys., 51, 21,
2013. Copyright by Annual Reviews.
Table 2: Main characteristics of the different solar neutrino detectors.
Detector Ref Composition Active mass Threshold (MeV)
Homestake [93] C2Cl4 615t 0.814
Kamiokande [94] H2O 3kt 7
SAGE [95] Ga 57t 0.233
GALLEX/GNO [96, 97] Ga 101t 0.233
Super-Kamiokande [98] H2O 50kt 3.5
SNO [99] D2O 1kt 3.5
Borexino [100] C9H12 278t 0.2
argon by purging the liquid with helium. The isotope 37Ar decays by electron capture: 90 % of
these occur on the K-shell producing an average of 3.5 Auger electrons with 2.82 keV of total energy.
Miniature gas proportional counters were developed to detect these decays with high efficiency and
purity, achieving single-atom counting. The efficiency of the whole extraction chain was calibrated
injecting known quantities of other argon isotopes (36Ar and 38Ar).
The result of the Homestake chlorine experiment [93] for the capture rate is
(σφ)Cl = 2.56± 0.16± 0.16 SNU (88)
where SNU stands for Solar Neutrino Units (1 SNU = 10−36 captures/nucleus/second), while the pre-
diction from the GS98-SFII solar model is 8.00± 0.97 SNU – that is, the measured rate was about 30%
of the predicted rate. Starting from the first result in 1968, this major deficit triggered a thirty-year
long debate, where many particle physicists were convinced that the SSM was not correct. Indeed, the
production rate of 8B neutrinos depends critically on the temperature of the Sun core as T22 [89], and
helioseismological data were not yet available at that time to confirm the validity of the SSM.
It took more than twenty years before other radiochemical experiments could probe solar neu-
trinos (Table 2). The Soviet-American Gallium Experiment (SAGE, 1989-2007) [95] in the Baksan
Laboratory (Russia) and the Gallium Experiment (Gallex, 1991-1997) [96] in the Gran Sasso Labo-
ratory (Italy), which was followed by the Gallium Neutrino Observatory (GNO, 1998-2003) [97], used
the reaction νe +
71Ga → 71Ge + e−. This reaction has a lower threshold of 0.233 MeV, and provides
sensitivity to the pp neutrinos, which constitute the majority of the flux.
While the details of these experiments, related to the chemical properties of gallium, are different
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from Homestake, they follow the same overall scheme. They provided a confirmation of the solar
neutrino deficit [95, 96, 97, 101], although with a different reduction factor with respect the SSM
prediction (approximately 50%):
(σφ)SAGE = 65.4
+3.1
−3.0
+2.6
−2.8 SNU (89)
(σφ)GALLEX = 73.4
+6.1
−6.0
+3.7
−4.1 SNU (90)
(σφ)GNO = 62.9
+5.5
−5.3
+2.5
−2.5 SNU (91)
to be compared with a predicted flux of 126.6 ± 4.2 SNU (GS98) (Fig. 1).
3.3 Real time experiments: Kamiokande, Super-Kamiokande, SNO and
Borexino
In 1987-1995, the 2.14 kt water Cherenkov Kamioka Nucleon Decay Experiment (Kamiokande) in Japan,
in its phases II and III, provided a different measurement of the solar neutrino flux.
When a neutrino interaction takes place in water, producing secondary charged particles with a speed
exceeding that of light in water, Cherenkov photons are radiated. These photons are emitted on a cone
centered on the particle momentum, with an opening angle of 42 degrees for ultra-relativistic particles.
They are subsequently detected by the photomultipliers instrumenting the walls of the detector. The
image formed by the Cherenkov photons has the form of a ring for particles stopping inside the detector.
Neutrino elastic scattering on electrons, which is mainly sensitive to electron neutrinos, could be
detected in this way with a threshold of 9 MeV, progressively reduced to 7 MeV. Kamiokande was
the first experiment to detect solar neutrinos in real time. Since the scattered electron is emitted
preferentially in the direction of the neutrino, their solar origin could be verified by correlating the
electron momentum with the Sun direction. The combined result of Kamiokande [94] is
φ(8B) = [2.80± 0.19(stat.)± 0.33(sys.)]× 106 cm−2s−1 (92)
providing another indication of a large suppression of the flux predicted by the solar model.
Super-Kamiokande is a very large water Cherenkov detector located in the Mozumi mine (Japan),
under an overburden of 1,000 m of rock, equivalent to 2,700 m of water. It is a stainless steel tank (41.4
m high, 39.3 m diameter) containing 50 kt of ultra-pure water. The detection volume is partitioned in
an outer detector, composed of 1,885 8-inch Photomultiplier Tubes (PMT), and an inner detector with
11,146 20-inch PMTs. The fiducial volume is 22.5 kt.
Super-Kamiokande, with a threshold of 7 MeV initially and 3.5 MeV today, started taking data in
1996 and confirmed the Kamiokande result with increased precision until its most recent update [98]
φ(8B) = [2.308± 0.020(stat.)+0.040−0.040(sys.)]× 106 cm−2s−1. (93)
Super-Kamiokande is still running at present and has recently observed for the first time a day-night
effect for solar neutrinos [102]. Let rD (rN) be the day (night) event rate, the day-night asymmetry
ADN is defined as ADN =
2(rD−rN )
rD+rN
and was measured to be
ADN = (−3.2± 1.1(stat.)± 0.5(syst.)) %, (94)
deviating from zero by 2.7 σ. This is similar to K0S regeneration for a beam of K
0
L passing through a
material. It is the first indication of Earth matter effects on neutrino propagation.
The main limitations of radiochemical experiments is that they are only sensitive to charged current
neutrino interactions, with a νe producing an electron in the final state. Water Cherenkov experiments
are sensitive to the elastic scattering of neutrinos off electrons, whose cross section is also mainly
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sensitive to the νe component of the flux. In this way, it is not possible to distinguish between a deficit
in the νe flux due to a wrong SSM prediction or a deficit due to neutrino oscillations.
The real breakthrough came from the Sudbury Neutrino Observatory (SNO, Canada), a Cherenkov
detector located 2 km below ground and containing 1 kt of heavy water. With heavy water, three
channels are available to probe the solar neutrino flux:
• The Charged Current (CC) reaction for electron neutrinos νe+d→ p+p+e−, where the produced
electron carries off most of the neutrino energy, allowing to constrain the neutrino spectrum;
• The Neutral Current (NC) reaction νx + d → νx + p + n, which allows to count all neutrinos,
independently of their flavour, above the threshold of 2.22 MeV;
• The Electron Scattering (ES) reaction νx + e− → νx + e−, also available in conventional water
Cherenkov detectors, which is mainly sensitive to νe, as σES(νe) ' 6 σES(νµ,τ ).
SNO took data in three phases, which are distinguished by the technique used to detect the neutron
produced in the neutral current dissociation of deuterium. Since the neutron is the only detectable
particle in this reaction, this measurement is an experimental challenge and places severe requirements
on the radiopurity of the whole apparatus. The successive neutron detection techniques improved the
sensitivity to the NC reactions. In the first phase, neutron capture on deuterium was used. In the
second phase, NaCl was dissolved in the water and neutrons were detected through the neutron capture
on 35Cl followed by gamma emission. In the third phase, neutron detectors containing 3He were inserted
in the detector. The electron kinetic energy threshold was 5 MeV, making the experiment sensitive to
the 8B neutrinos. The results of all phases of the detector were in agreement and yielded a measurement
of the total flux of solar neutrinos [99], irrespective of their flavour,
φNC(ν active) = [5.25± 0.16(stat.)+0.11−0.13(syst.)]× 106 cm−2s−1 (95)
in agreement with the prediction of the solar models (5.05× 106 cm−2s−1), and the flux of νe
φCC(νe) = (0.301± 0.033) φNC(ν active). (96)
As we will discuss in Section 3.5, this is clearly an indication of flavour conversion of solar neutrinos.
Finally, another important experiment in the field of solar neutrino physics is the Borexino experi-
ment, which is running since 2007. Borexino is a 278 t liquid scintillator detector installed in the Gran
Sasso Laboratory (Italy). It is capable of measuring in real time low-energy neutrinos with a threshold
of 200 keV, thanks to the high light yield of 104 photons per MeV, which is much higher than in a
Cherenkov detector, and to the extreme levels of radiopurity reached inside the scintillator tank.
Combining these two features, Borexino was able to measure the flux of neutrinos from different
reactions. The original goal of the experiment was the measurement of the 7Be neutrino flux, which was
found to be (3.10± 0.15)× 109 cm−2s−1, corresponding to 62% of the GS98 SSM predicted flux [100]. It
also provided the first determination of the pep flux: (1.6±0.3)×108 cm−2s−1, and a measurement of 8B
neutrinos with a 3 MeV threshold. Finally, they recently published the first real time observation of pp
neutrinos, as well as the most stringent upper limit on the CNO neutrino flux. This is interesting, since
the flux of CNO neutrinos predicted by a given SSM is sensitive to the assumption made on metallicity.
3.4 Confirmation with reactor neutrinos: KamLAND
KamLAND is a 1 kt liquid scintillator experiment located in the former site of the Kamiokande detector
in Japan. As described in more detail in Section 5.2, it is capable of detecting ν¯e emitted by nuclear
reactors through the inverse beta decay reaction ν¯e p → n e+. The ν¯e interaction rate extends from
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the threshold (1.8 MeV) to about 7 MeV, and peaks around 3-4 MeV. KamLAND is surrounded by 55
Japanese nuclear reactors at an average distance of 150 km. In 2002, it reported the first evidence for the
disappearance of ν¯e [5]. This measurement was very important for the interpretation of solar neutrino
data, as it showed for the first time an oscillatory behaviour as a function of L/E, and it provided an
independent and precise measurement of the oscillation parameters of interest. In an updated report in
2013 [103], they observed 2611 events, to be compared with 3564±145 expected from reactor neutrinos
in the case of no oscillation, and 364.1 ± 30.5 from background sources. The KamLAND results are
shown in Fig. 2.
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Figure 2: KamLAND experiment. The left plot shows the ratio of the background- and geoneutrino-
subtracted ν¯e spectrum to the expectation in the case of no-oscillation, as a function of L/E. The curve
and histogram show the expectation for the best fit oscillation hypothesis. The right plot shows the
allowed region for neutrino oscillation parameters from KamLAND and solar neutrino experiments [103].
Courtesy of the KamLAND collaboration. Reprinted figures with permission from A. Gando et al., Phys.
Rev. D, 88, 033001, 2013. Copyright 2013 by the American Physical Society.
3.5 Interpretation of the measurements and discussion
The first measurement of a deficit in the solar neutrino flux left several interpretations open. While
Pontecorvo made the hypothesis of neutrino oscillations early on [13], modest changes to the Sun core
temperature could also be invoked to explain the apparent deficit. The situation changed with the new
measurements by the gallium experiments, as it was clear that the suppression factor depended on the
neutrino energy. The SNO results were the first measurement of the total solar neutrino flux, and were
also the first solid proof of flavour conversion as the explanation of the solar neutrino puzzle.
Nevertheless, several different solutions were possible in the early days in terms of masses and mixing.
The KamLAND result pinpointed one of them, the so-called Large Mixing Angle (LMA) solution which
was already favoured by SNO data. Indeed, the results of KamLAND can be understood in terms of
the simple two-flavour mixing formula (24), P (ν¯e → ν¯e) = 1 − sin2 2θ12 sin2(∆m
2
21L
4E
), neglecting matter
effects and effects related to θ13.
Since, as we will see later, the value of ∆m231 is much larger than ∆m
2
21, it induces rapid oscillations
that are averaged out given the large L/E and the energy resolution of the detector. The L/E pattern
due to the ∆m221 term is prominent in the KamLAND data and beautifully confirms neutrino oscillations
as the origin of the observed deficit (Fig. 2). The measurement of KamLAND, when combined with solar
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neutrino experiments, allows to determine ∆m221 = (7.53± 0.18)× 10−5 eV2 and tan2 θ12 = 0.44± 0.03.
The agreement between solar neutrino experiments and KamLAND is generally good, as shown in
Fig. 2.
The explanation of the deficit observed by the solar neutrino experiments involves flavour transitions
of a different kind. As explained in Subsection 2.5.3, electron neutrinos are produced in the core of
the Sun in a medium of high density. In the center of the Sun, the density n(r = 0) corresponds to
the resonant density nres =
∆m221 cos 2θ12
2
√
2GFE
for E = 1.9 MeV. For energies much higher than this value,
neutrinos are produced as νm2 matter eigenstates and, given that the evolution is adiabatic, exit the Sun
as ν2. The probability to observe them as νe is then |〈νe|ν2〉|2 = sin2 θ12 ' 0.3.
For neutrinos produced with energies much below this threshold, matter effect can be neglected
and vacuum oscillations dominate. The suppression factor observed on Earth is then the result of the
averaging of many oscillation periods: P (νe → νe) = 1− 12 sin2 2θ12 ' 0.58. This leads to a characteristic
“bath tub” shape for the neutrino survival probability shown in Fig. 3 (see Subsection 2.5.3 for a more
detailed discussion). The adiabatic flavour conversion dominates for 8B neutrinos, while pp are in the
averaged vacuum oscillation region. This interpretation fits with all the solar neutrino data.
The future of the field of solar neutrinos is twofold. The experiments will try to measure the CNO
neutrinos as this is interesting both per se (the original motivation for studying solar neutrinos was in
fact to understand how the Sun shines) and because it will shed some light on the solar abundance
problem. This will be attempted by Borexino and SNO+ [104], with liquid scintillator instead of the
heavy water in the inner vessel.
The upturn of the solar neutrino survival probability, that is, the transition from the MSW to the
vacuum oscillation regime in the few MeV region, has not yet been observed. Experimentally, this is very
difficult as it requires to lower the threshold and to have a good control of the backgrounds. The failure
so far to observe this upturn, together with the value of the day-night asymmetry measured by Super-
Kamiokande, is also related to the mild tension, recently reported by global fits of neutrino oscillation
parameters, between the ∆m221 measured by KamLAND and the measurement using solar neutrino
data [105]. It has been argued that this tension could be alleviated by non-standard interactions
modifying the matter potential of solar neutrinos [106, 84], or by very light sterile neutrinos [107].
Precision measurements of the solar neutrino flux are also a powerful probe of new physics scenarios.
On the other hand, long baseline reactor experiments of the KamLAND type can provide a very
clean measurement of the solar oscillation parameters. This is one of the physics goals of the Jiangmen
Underground Neutrino Observatory (JUNO) under construction in China, which will provide percent-
level precision of the parameters ∆m221 and θ12. The JUNO experiment will be described in Section 9.
4 The 2-3 sector
In this section, we describe the status of the so-called atmospheric neutrino oscillations, i.e. the 2-3
oscillations that were first discovered in the study of atmospheric neutrinos and were later precisely
measured with the use of neutrino beams produced by particle accelerators.
4.1 The atmospheric neutrino flux
The atmosphere is constantly bombarded by primary cosmic rays, composed mainly of protons, with a
smaller component, ' 5%, of α particles, and an even smaller fraction of heavier nuclei. The interaction
of these particles with atomic nuclei in the atmosphere produces hadronic showers composed mainly
of pions and kaons. The decays of these mesons according to pi+ → µ+νµ followed by µ+ → e+νeν¯µ,
K+ → pi+νµ and KL → pi+e−νe, together with their charge conjugated processes, produces a flux of
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Figure 3: Solar neutrino survival probability as a function of the energy, including the Borexino
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νµ, ν¯µ and νe, ν¯e with a steeply falling power-law spectrum (Fig. 4), approximately E
−2.7 in the region
above 1 GeV.
The calculation of this neutrino flux (see Ref. [110] for a review) relies on the knowledge of the
primary cosmic ray flux and composition, of the Earth magnetic field, and of the hadro-production
cross-section on the light nuclei of the Earth atmosphere. Detailed studies [109, 111, 112, 113, 114]
taking into account three-dimensional effects improve on previous efforts and reach a precision of 7-8%
for the flux in the 1-10 GeV range [113]. It should be noticed that the ratio N(νµ + ν¯µ)/N(νe + ν¯e) is
predicted with a much better precision of 2% [113], as several systematic uncertainties cancel out in
this ratio. In the limiting case where all the muons from pion decays decay in flight, this ratio is close
to 2, as can be easily deduced from the decay processes mentioned above. This case is approximately
realized in the region of sub-GeV atmospheric neutrinos.
4.2 Interaction of high-energy neutrinos with nuclei
The interaction of neutrinos with matter takes place through charged current (CC) interactions (with
the exchange of a W boson and the production of a charged lepton in the final state) or neutral current
(NC) interactions (with the exchange of a Z0 boson). Above a few hundred MeV neutrino energy
interactions with the nucleus have a typical q2 corresponding to a scale of the order of one fermi, and
the neutrino scatters off individual nucleons inside the nucleus. These interactions (Fig. 5) can be
classified as:
• (Quasi-) Elastic interactions, where the final state nucleon is ejected from the nucleus as a proton
or neutron, like νµ n→ µ p
• resonant single pion production like νµ n → µ N∗ followed by N∗ → npi, where N∗ can be a
resonance such as a ∆,
• Deep Inelastic scattering at large energies and for large momentum transfers, where the neutrino
interacts with a quark inside the nucleon.
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The Charged Current Quasi Elastic (CCQE) process νl n→ l p (where l = e, µ) plays a special role,
because it is the dominant process below a neutrino energy of 1 GeV. Moreover its simple final state is
very suitable to the reconstruction of the neutrino energy based on the measurement of the outgoing
charged lepton. Neglecting Fermi momentum, two-body kinematics allows to write the reconstructed
neutrino energy as
Eν =
m2p − (mn − Eb)2 −m2l + 2(mn − Eb)El
2(mn − Eb − El + pl cos θ) (97)
where Eb is the effective binding energy necessary to extract the nucleon from the nucleus; mp, mn and
ml are the proton, neutron and lepton mass; El, pl and θ are the measured lepton energy, momentum
and angle with respect to the incoming neutrino direction. In Cherenkov detectors, where the protons
and most of the pions involved in these interactions are below the detection threshold, this process
is particularly useful because the electrons and the muons can be easily detected, reconstructed and
identified.
In the simplest approach to the calculation of the cross-section, the impulse approximation (that is,
the scattering from individual nucleons) is used and the nucleus is simply parametrized by the Fermi
momentum and the binding energy Eb. The CCQE cross-section is then mainly governed by the axial
vector form factor of the nucleon, where usually a dipole form is assumed, GA(q) =
gA
(1+q2/M2A)
2 . Most
parameters are determined from electron scattering for the vector form factors, and from nuclear β
decays for gA, leaving the axial mass value MA as the main free parameter. This simple approach
failed, as revealed by the fact that the value MA = 1.35± 0.17 GeV/c2 measured by the Mini Booster
Neutrino Experiment (MiniBoone) [115] for interactions on carbon was very different from the value
1.03 GeV/c2 [116] obtained from the analysis of neutrino interactions on deuterium (Fig. 5).
A partial solution to this discrepancy came from considering additional processes like interactions
of the neutrino with a correlated pair of nucleons inside the nucleus [119]. These processes are known
to exist in electron-nucleus scattering. From the experimental point of view, these processes, named
two particle-two hole excitations (2p-2h), cannot be distinguished from CCQE interactions, as low
momentum protons and neutrons are generally not detected. These processes can represent 15-25%
of the total CCQE cross-section [120], depending on the neutrino energy. Despite this progress, the
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normalization and shape of this additional contribution is still not well known and model dependent.
Other nuclear effects, like Final State Interactions (where the nucleon reinteracts within the same
nucleus), or Secondary Interactions (where the nucleon interacts with other nuclei in the detector)
introduce smearing and corrections which are under evaluation, especially for relatively large nuclei like
carbon, oxygen, argon and iron generally used in these experiments. The anti-neutrino cross-sections
are even less precisely established, as well as the νe cross-sections required by the present and future
long-baseline oscillation experiments.
All these cross-sections are the object of an intense theoretical and phenomenological activity [121,
122] given their relevance for oscillation analyses. The knowledge of these cross-sections is still model
dependent and the precision does not exceed the 10-20% level. Therefore, most of the accelerator
experiments include near detectors to study the event rates before oscillations intervene. Clearly a
more focused effort, combining phenomenological developments and well-controlled experimental data,
is required for future high-precision oscillation experiments.
4.3 The evidence for atmospheric neutrino disappearance
The study of atmospheric neutrinos started in the 1960s: two experiments in very deep mines, in South
Africa [123] and in India [124], observed muons produced by atmospheric neutrino interactions. In the
1980s, several massive underground experiments, mainly motivated by the search for the proton decay
predicted by Grand Unified Theories, started collecting data. These experiments needed to study in
detail atmospheric neutrino interactions, as they constitute a background for proton decay searches.
In 1988, Kamiokande [125] reported a deficit in the number of νµ single-ring candidates (85 events
observed versus 144 expected), while the number of νe single-ring candidates agreed with the prediction
(93 events observed versus 88.5 expected). This initiated the so-called atmospheric neutrino anomaly. A
similar deficit was also observed by the Irvine-Michigan-Brookhaven (IMB) experiment [126] and later
by the Monopole, Astrophysics and Cosmic Ray Observatory (MACRO) [127] and Soudan-2 [128], while
the Fre´jus [129] and the Nucleon Stability Experiment (NUSEX) [130] experiments observed no deficit.
The situation evolved rapidly with the advent of Super-Kamiokande [131], which started data-taking
31
in 1996.
Super-Kamiokande could rapidly accumulate a rather large data set of atmospheric neutrinos, mea-
suring the direction of the produced lepton, its energy for fully contained events and their nature.
For neutrino-nucleus interactions, the direction of the produced lepton is highly correlated with the
direction of the neutrino above a lepton energy of 1 GeV [132].
Super-Kamiokande classifies events as Fully Contained (where the neutrino interaction takes place
inside the inner detector and all the particles stop in the same volume), Partially Contained (some
particles escape to the outer detector) and Upward Going muons, where the neutrino interacts in the
rock below the detector. The events can be further classified according to the number of Cherenkov rings
observed (if more than one ring is detected, the event is termed ”multi-ring”), the observed total energy
and the number of decay electrons. Electrons and muons can be reliably identified (the misidentification
probability is 0.7% [133]) on the basis of the ring properties. Cherenkov rings produced by muons have
sharp edges, while in the case of electrons the photons are produced by the numerous electrons and
positrons in the electromagnetic shower, with angular dispersion due to scattering, resulting in a ring
with diffuse edges. The momentum resolution for an isolated ring produced by a lepton of momentum
p is 0.6% + 2.6%/
√
p(GeV/c) [133]. Sub-threshold muons and charged pions can be tagged by the
presence of a delayed electron from muon decay, called Michel electrons.
In 1998, the Super-Kamiokande collaboration presented their first analysis of atmospheric neutri-
nos [3], in particular the distributions of zenith angle for νµ and νe event selections (see Fig. 6 for
updated distributions) based on an exposure of 33 kton year. This was the first compelling evidence
for neutrino oscillations as the explanation of the previously mentioned anomaly.
Indeed, the neutrino path from the production to the detection varies from 15 km for down-going
neutrinos (cosine of the zenith angle equal to 1) to more than 12,000 km for up-going neutrinos having
traversed the whole Earth (cosine of the zenith angle equal to -1), thereby probing a large span of
possible oscillation lengths.
In a two neutrino scenario, the νµ disappearance is governed by Eq. (20), namely
P (νµ → νµ) ' 1− sin2 2θ23 sin2
(
∆m231L
4E
)
. (98)
A glance at Fig. 6, especially at the distributions for Sub-GeV e-like, Multi-GeV e-like, Sub-GeV µ-like
and Multi-GeV µ-like events, reveals several important overall features:
• There is a strong disappearance of νµ, especially visible for up-going neutrinos. As the survival
probability for very long baseline approaches 1−1/2 sin2 2θ23, and the observed survival probability
is close to 0.5, the mixing angle is therefore close to the maximal value pi/4.
• The disappearance sets in for neutrinos close to horizontal zenith angle, and therefore the oscil-
lation length should be of the order of 400 km for an energy around 1 GeV, corresponding to
∆m231 ' 10−3eV2.
• There is no sizeable excess or deficit of νe. Therefore the oscillations of νµ should mainly involve
either νµ → ντ or νµ → νs, where νs is an additional, sterile neutrino state.
Independently of any accurate prediction for the neutrino flux, the experimental observation of the
distributions of Fig. 6 is sufficient to make a strong case for neutrino disappearance. Indeed, above a
few GeV, the neutrino flux is isotropic, as the primary cosmic rays are not deflected in a significant way
by the geomagnetic field. The observation of a zenith-angle dependent deficit is therefore a sufficient
argument to conclude that the fluxes of the different neutrino species are not conserved.
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Figure 6: Zenith angle and momentum distributions for atmospheric neutrino subsamples [134] used
in recent analyses by Super-Kamiokande, according to the ring type (e-like or µ-like) and energy, the
number of decay electrons, the number of rings, etc. The data are represented by points with error
bars. The blue histograms correspond to the expected distributions in the absence of oscillations,
while the red histograms give the best-fit distributions in the oscillation hypothesis. Courtesy of the
Super-Kamiokande collaboration.
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While in 1998 other hypotheses like decay or decoherence were still open, the study of the L/E
distribution by Super-Kamiokande [135] and more recent data from long-baseline accelerator experi-
ments have ruled out all explanations apart from oscillations, because the alternative hypotheses imply
a different L/E behaviour.
The IceCube experiment at the South Pole has recently completed the installation of DeepCore,
a denser array of optical modules, aimed at significantly lowering the muon threshold. With data
recorded between 2011 and 2014, corresponding to 5074 observed events, they have recently published
an analysis [136] of the disappearance of atmospheric νµ in the range 10-100 GeV, requiring the zenithal
angle to satisfy cos θ < 0 (see Fig. 7). The sensitivity is similar to that of Super-Kamiokande for what
concerns the muon neutrino disappearance, with the prospect of further improvements.
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Figure 7: Distribution of atmospheric neutrino events measured by the IceCube experiment [136] as a
function of the reconstructed L/E. Data are compared to the best fit and expectation with no oscillations
(top), and the ratio of data and best fit to the expectation in the absence of oscillations is also shown
(bottom). Bands indicate estimated systematic uncertainties. Courtesy of the IceCube collaboration.
4.4 Long-baseline neutrino beams
Neutrino beams (see Ref. [137] for a review) based on particle accelerators have been used since the
1960s, when they provided the evidence for the existence of two types of neutrinos, νe and νµ. The
general design is based on a high intensity proton beam impinging on a target and producing pions and
kaons through interactions on the target nuclei.
The long-baseline beams are based on the so-called wide-band beam concept. Here the secondary
charged mesons are focused using a system of magnetic devices, called horns. The horns, usually with
a cylindrical symmetry around the beam, are pulsed with a very intense current in coincidence with the
arrival of the beam, and the direction of the current (the direction of the magnetic field) can be chosen
in order to focus either positively or negatively charged particles.
The mesons decay in a dedicated volume downstream of the target, via the following reactions:
pi+ → µ+νµ followed by µ+ → e+νeν¯µ, K+ → pi+νµ and KL → pi+e−νe, creating mainly a νµ beam if
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Table 3: Parameters of recent and future long-baseline experiments. Energy and power refer to the
primary proton beam, L is the baseline, FD the mass of the far detector. POT (Protons On Target)
represents the integrated dataset as of 2016 for the running experiments, and the total foreseen exposure
for future projects.
Exp. Ref Energy (GeV) Power (kW) L (km) FD mass (kt) POT
K2K [138] 12 27 250 50 9.2 × 1019
MINOS [139] 120 700 735 5.4 10.56 ×1020
OPERA [140] 450 300 730 1.8 1.8 ×1020
T2K [141] 30 750 295 50 2 ×1021
NOνA [142] 120 700 810 14 6 × 1020
HK [143] 30 1300 295 380 2.7 × 1022
DUNE [144] 80 1070 1300 40 1.3 × 1022
positively charged pions are selected by the horns. Reversing the direction of the current in the horns
will focus negatively charged particles and therefore produce a ν¯µ beam, which allows the study of
CP-violating effect, as we will discuss later.
The flux is tuned in such a way that the phase ∆m232L/(4E) reaches pi/2 for the design baseline L
and the peak energy E, in order to probe the atmospheric oscillation sector with the νµ beam. To do
so, the proton energy, the target length and width, the focussing system and the decay volume length
and width need to be accurately designed and optimized. The parameters of recent and future long
baseline experiments are reported in Table 3.
An off-axis neutrino beam [145] relies on the following idea: as the νµ are mainly produced by the
two-body decays of pions, there is a correlation between the pion energy Epi, the neutrino energy Eν
and the decay angle θ that can be understood as follows [146]. For a perfectly focused beam of pions
pT = p
∗ sin θ∗, pL = γp∗(1 + cos θ∗) ' Eν , where p∗ and θ∗ are the decay momentum and angle in
the rest frame of the pion. Consider a fixed off-axis angle θlab = pT/pL. Close to θ
∗ = pi/2, we have
∆pT ' 0 for variations in θ∗, and therefore ∆pL = ∆pTθlab ' 0. This means that the variations of the
neutrino energies as a function of the decay angle in the rest frame of the pion are suppressed, and that
pions of various energies will contribute to a single neutrino energy determined by the off-axis angle
(Fig. 8).
Neutrinos emitted at a small angle with respect to the pion direction have therefore a distinct
narrow spectrum peaking at a much lower energy with respect to the on-axis beam (Fig. 9). This
feature, which has been used by the T2K and NOνA experiments, with off-axis angles of 43.6 and 14.6
mrad respectively, offers several advantages, because it avoids the large high-energy tail of the on-axis
beam, thereby reducing some background reactions.
As the neutrino beam is a tertiary beam, it is necessary to include in the experimental apparatus
monitoring devices to ensure that it is stable in intensity and direction. To this effect, muon detectors
sensitive to the muons produced by the pion decays are placed close to the end of the decay volume.
Moreover, as the neutrino flux and cross-sections and the beam composition are not known with sufficient
precision, a near detector is located close to the target station (typically within a few hundred meters).
The near detector constrains the neutrino interaction rate, proportional to the product of the neutrino
flux and the cross-section. Moreover, the near detector allows to measure the beam composition and to
perform the study of several neutrino cross-sections.
For recent long-baseline experiments, it is especially important that the beam is very pure in νµ.
An irreducible νe component at the percent level is always present, due to the Ke3 semileptonic decays
of the kaons and to the decays of the muons produced by the pions.
In the antineutrino mode, the fraction of neutrino interactions is relatively large. For instance, in
the case of T2K, roughly 35% of the interactions at SK in the antineutrino mode are produced by
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Figure 8: Neutrino energy as a function of the pion energy for on-axis decays and several off-axis angles.
For a nonzero off-axis angle, the neutrino energy reaches a maximum. This feature is currently exploited
in the T2K and NOνA experiments.
Figure 9: Neutrino flux in arbitrary units for the T2K setup with various off-axis angles [147]. The top
part of the figure shows the muon neutrino survival probability at the far detector and illustrates how
an off-axis beam can maximise the neutrino oscillation probability. Courtesy of the T2K collaboration.
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neutrinos [148]. This is due to the the fact that more pi+ than pi− are produced in proton-carbon inter-
actions and that neutrino cross-sections are larger than antineutrino cross-sections. These impurities
in the beam need to be measured, for instance with a magnetized near detector.
4.5 Detectors for long-baseline experiments
The neutrino detectors in long-baseline experiments are quite similar to those used for atmospheric
neutrinos, as the energy range of interest is similar. Moreover, in both cases, a very massive (tens of kt
or more) underground detector is needed, and therefore the same detector can be used to study both
sources. An example is Super-Kamiokande (see Section 4.3), which is also used as the far detector for
the long-baseline T2K experiment. Besides the detection of muons produced by νµ interactions to probe
the disappearance channel, the emphasis has been shifting recently to the study of νe appearance. This
requires to discriminate between electron showers produced by CC reactions like νen → ep and NC
reactions like νn→ νpi0 +X. Four main far detector technologies have been used or considered:
• The water Cherenkov detection technique. It is used by Super-Kamiokande [131] and has several
advantages as it is well demonstrated and allows to instrument large detector masses. It is specially
effective in the sub-GeV energy range where CCQE processes dominate the cross-section producing
single Cherenkov rings, which are easier to reconstruct and measure. For fully contained events,
the total lepton energy can be reconstructed and the neutrino energy inferred from the CCQE
kinematics. The water Cherenkov technique is the only candidate to instrument very large detector
masses approaching the megaton scale. A similar technique is used by the IceCube [136] and the
Astronomy with a Neutrino Telescope and Abyss Environmental Research (ANTARES) [149]
experiments operating in an open natural medium, the Antarctic ice and the Mediterranean sea
water, respectively.
• The magnetized iron-scintillator calorimeters like the Main Injector Neutrino Oscillation Search
(MINOS) experiment [150]. They offer the advantage of measuring the charge of penetrating
tracks, however they are limited by their ability to distinguish νe from NC pi
0 production.
• Totally active scintillator detectors like NOvA [142]. Here the detection medium is a liquid
scintillator contained in plastic cells read out by optical fibers. The totally active detector allows
to reconstruct the event energy and the high granularity allows to distinguish νe from NC pi
0
production.
• Liquid Argon Time Projection Chambers. This is a new technology pionereed by the Imaging
Cosmic And Rare Underground Signals (ICARUS) experiment [151], which has been chosen for the
future DUNE experiment [144]. This detector offers superior performances in terms of information
on the particles produced in the final state, with the possibility of particle identification and total
energy reconstruction. An extensive program of R&D is on-going at Fermilab and CERN to
demonstrate the feasibility of this technology for large detectors of 10 kt.
A more specialized technology has been used by the Oscillation Project with Emulsion-tRacking
Apparatus (OPERA) [140] in order to observe ντ appearance (see Section 4.8), with the main neutrino
target consisting of nuclear emulsion detectors to reconstruct the short-lived τ leptons and their decay
products.
4.6 Flux and cross-section systematic uncertainties
Long-baseline neutrino oscillation experiments require a good control of the systematic uncertainties
related to neutrino fluxes and neutrino cross-sections to perform precision measurements of oscillation
parameters.
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A common strategy to reduce systematic uncertainties, used in most of the long-baseline experiments,
is the use of a Near Detector complex, located few hundreds of meters from the beam target. In this
way the neutrino spectrum and the flavour composition of the beam can be precisely measured before
the oscillations, and this information is used to determine the expected spectra at the far detector.
Some long-baseline experiments, for example MINOS and NOνA, use near detectors that have the
same composition and technology as the far detector, so that cross-section uncertainties due to the
different target nuclei or detector systematic uncertainties are minimized in the extrapolation. Other
experiments, for example K2K and T2K, use a set of near detectors with different target nuclei in order
to maximize the information on the cross-section models.
In this section, as an example, we will briefly describe how the T2K experiment uses the near
detector data to reduce the systematic uncertainties in the oscillation analysis [141]. T2K is a long
baseline experiment in Japan, using the 30 GeV proton beam generated by the Japan Proton Accelerator
Research Complex (JPARC) to produce a neutrino beam aimed towards the Super-Kamiokande detector
at a distance of 295 km.
The T2K near detector, called ND280, at 280 m from the proton target, is magnetized, with several
sub-detectors installed within the ex-UA1/NOMAD magnet that provides a 0.2 T magnetic field. For
the oscillation analysis, the ND280 tracker system is used, comprising two Fine Grained Detectors
(FGD) interleaved with three Time Projection Chambers (TPCs). The FGDs act as an active target
for neutrino interactions (each with a mass of about 1 ton). Particles produced in the FGD enter the
TPCs, where the charge and the momentum of the track is reconstructed and the particle identified
based on the measurement of the energy loss in the gas. One important point to notice is that one of
the two FGDs is a fully active detector, while in the second one scintillator layers are interleaved with
inactive water layers, allowing to select neutrino interactions on carbon and on oxygen, the same target
as the far detector, SK.
At T2K energies, most of the νµ charged current interactions are quasi-elastic events, producing
only one visible track in the final state, the muon, since the proton has often a low momentum around
200 MeV/c and its track is too short to be reconstructed. The presence of the magnetic field allows to
reconstruct the charge of the muons, distinguishing between negative muons produced by νµ and positive
muons produced by νµ interactions. In some cases, neutrinos exchange enough energy with the target
nuclei, producing also pions or protons that can enter the TPC. For νµ selections, ND280 distinguishes
three classes of events on the basis of the final state topology: only the muon is reconstructed (CC0pi,
with a 63 % purity of CCQE events), the muon and one negative pion are reconstructed (CC1pi), and
events with more pions (CCother, essentially deep-inelastic events). For νµ selections, interactions with
one track are separated from interactions with more than one track. The total sample selected in ND280
comprises about 25,000 events [141].
The same selections are applied to interactions in both the FGDs, and all the samples are then fit to
reduce systematic uncertainties on the flux and cross-section model. The main uncertainty on the flux
model is due to the hadron production cross-section. Data from the NA61/SHINE experiment [152]
at CERN are used. In NA61/SHINE, a proton beam accelerated to 30 GeV/c strikes a target. The
hadrons produced are measured with a system of TPCs and Time Of Flight detectors, and double
differential cross-sections (in angle and momentum) are extracted. Thanks to NA61/SHINE data, the
uncertainties on the neutrino fluxes, prior to the ND280 fits, are reduced to the 10% level.
For the cross-section model, the priors are based, as much as possible, on external experiments such
as the Mini Booster Neutrino Experiment (MiniBooNE) [115] and the Main Injector Experiment for ν-A
(MINERvA) [153]. An important aspect is that, for the first time, effects related to the multi-nucleon
2p-2h emissions are included in this analysis, based on the Nieves et al. model [154].
To reduce flux and cross-section uncertainties, the ND280 samples are binned in the kinematic
variables p− θ according to the muon momentum and angle with respect to the beam direction. Data
and Monte Carlo are fitted using a binned likelihood, where the prediction for each bin depends on the
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flux, cross-section and detector systematic parameters.
The result of the fit is a set of point estimates and covariance for the systematic scaling factors for
the unoscillated neutrino flux at SK. The impact of the ND280 fit on the total error budget in the T2K
oscillation analysis is shown in Table 4: a reduction of the systematic uncertainties from 12% to ∼ 5%
is obtained thanks to the near detector fit.
Table 4: Sources of the systematic uncertainty on the predicted neutrino event rates at Super-
Kamiokande in T2K oscillation analyses [155]. The effect of the near detector (ND280) constraint
on the flux and cross-section is particularly visible. The line (Other) reports the effect of Final State
Interactions and Secondary Interactions.
Source of Uncertainty νe νµ
δN/N δN/N
Flux 3.7% 3.6%
cross-section 5.1% 4.0%
Flux+cross-section
(w/o ND280 Constraint) 11.3% 10.8%
(w/ ND280 Constraint) 4.2% 2.9%
Other 3.5% 4.2%
All
(w/o ND280 Constraint) 12.7% 12.0%
(w/ ND280 Constraint) 6.8% 5.1%
In the case of NOνA, the collaboration profits from the fact that the near and the far detectors are
identical, and uses a calorimetric approach in which all the energy observed in the event at the near
detector is reconstructed, and is then unfolded to obtain the expected true neutrino energy. The far to
near ratio and the oscillation probabilities are then applied to obtain the expected true energy spectrum
at the far detector. This method allows to reduce the total systematic uncertainty to a level similar to
the one obtained by T2K.
4.7 Results from long-baseline accelerator experiments
KEK-to-Kamioka (K2K) was the first long-baseline neutrino beam, using Super-Kamiokande as its far
detector at 250 km from the neutrino production source [155]. Operating between 1999 and 2004, it has
measured the disappearance of νµ governed by Eq. (98): 112 events were observed, while 158.1
+9.2
−8.6 were
expected without oscillation, a 4.3 σ effect [138]. This measurement has confirmed neutrino oscillations
as the explanation for the atmospheric neutrino disappearance.
Further improved measurements of the νµ → νµ oscillations were reported by MINOS [139], a long-
baseline experiment with a neutrino beam from Fermilab to the Soudan mine in Minnesota (baseline
735 km). Protons from the Main Injector with an energy of 120 GeV were used with a tunable setup
allowing to vary the neutrino energy, mostly used in the position giving a 1-3 GeV neutrino beam. The
far detector was a 5.4 kton magnetized steel-scintillator calorimeter. In 2014 MINOS [139] reported
a combined fit using also a data set of atmospheric neutrinos (37.88 kton-year) yielding |∆m232| =
[2.28 − 2.46] × 10−3 eV2 (68% C.L.) and sin2 2θ23 = 0.35 − 0.65 at 90% C.L assuming the normal
ordering, and |∆m232| = [2.32− 2.53]× 10−3 eV2 (68% C.L.) and sin2 2θ23 = 0.34− 0.67 at 90% C.L for
inverted ordering. The final results from the MINOS experiment showed also agreement between the
oscillation parameters for νµ and ν¯µ [150].
The current generation of experiments, T2K and NOνA, use a narrow band beam based on the
off-axis design, which is particularly suited for the measurement of νµ disappearance once the relevant
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squared-mass difference is known. For a given value of ∆m232 and a given baseline, the oscillation
probability depends on the neutrino energy, which can be tuned by changing the off-axis angle. In the
case of T2K (L=295 km), the maximum of the oscillation is at an energy of 600 MeV, while in the case
of NOνA (L=810 km) the maximum is at 1,800 MeV.
While the most recent analyses published by T2K perform a global fit of appearance and disap-
pearance channels in order to extract the maximal information on neutrino oscillation parameters,
disappearance analyses only have also been done by T2K in order to test the PMNS framework. Since
CP violation is possible only in appearance channels (see Section 2.2), the disappearance probability is
expected to be the same for νµ and νµ. The observation of a departure from this expectation would
point to CPT violation.
For the T2K experiment, fully contained νµ events are selected in Super-Kamiokande in time with the
beam, with one ring identified as produced by a muon and less than two decay electrons. The resulting
sample is composed of 62% of CCQE νµ events, 32% of non-CCQE νµ events, the rest being essentially
NC events [156]. Based on 7.482×1020 protons-on-target (POT) collected in the neutrino mode and
7.471×1020 POT collected in the antineutrino mode, T2K has observed 135 (66) νµ (νµ) candidates
at SK with 522 (185) events expected in case of no-oscillations and 135.8 (64.2) events expected for
maximum disappearance [155]. The reconstructed energy spectrum for νµ events is shown in Fig. 10.
Thanks to the use of the Near Detector data described in Section 4.6, the systematic uncertainties on
these measurements are at the 5% level, and a precise measurement of θ23 and ∆m
2
32 is obtained, as
shown in Fig. 11. The measured oscillation parameters are in excellent agreement between neutrinos
and antineutrinos, and both are compatible with a maximal θ23 mixing angle [148].
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Figure 10: Top: Reconstructed neutrino energy spectrum for the T2K νµ candidates, best-fit prediction,
and unoscillated prediction [141]. Bottom: Ratio of oscillated to unoscillated events as a function of
neutrino energy for the data and the best-fit spectrum. Courtesy of the T2K collaboration.
NOνA is a long baseline experiment using the same neutrino beam as MINOS. Its main detector,
located 810 km away in Ash River (USA), is 14.6 mrad off-axis : it consists of a 14 kt segmented
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liquid scintillator. NOνA has reported a measurement of νµ disappearance using 6.05×1020 POT and
selecting µ-like candidates at the far detector [142]. They observed 78 events in the far detector, while
473±30 were expected without oscillations. This result leads to some tensions, especially with the T2K
experiment, since maximal mixing is excluded by NOνA at 2.5σ as shown in Fig. 12.
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The two collaborations are working to understand this difference, which could simply be due to
statistical fluctuations. A comparison between the reconstructed energy spectrum for the best-fit and
the one obtained by assuming maximal mixing in NOνA is shown in Fig. 13. Additional data from
T2K and NOvA will help clarify the situation.
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5TABLE I. Sources of uncertainty and their estimated average impact on the sin2✓23 and  m
2
32 measurements. For this table,
the impact is quantified using the increase in the one-dimensional 68% C.L. interval, relative to the size of the interval when
only statistical uncertainty is included in the fit. Simulated data were used and oscillated with  m232 = 2.67⇥10 3 eV2 and
sin2✓23 = 0.626.
Source of uncertainty
Uncertainty in Uncertainty in
sin2✓23(⇥10 3)  m232
 ⇥10 6 eV2 
Absolute muon energy scale [±2%] +9 / -8 +3 / -10
Relative muon energy scale [±2%] +9 / -9 +23 / -14
Absolute hadronic energy scale [±5%] +5 / -5 +7 / -3
Relative hadronic energy scale [±5%] +10 / -11 +29 / -19
Normalization [±5%] +5 / -5 +4 / -8
Cross sections and final state interactions +3 / -3 +12 / -15
Neutrino flux +1 / -2 +4 / -7
Beam background normalization [±100%] +3 / -6 +10 / -16
Scintillation model +4 / -3 +2 / -5
 CP [0  2⇡] +0.2 / -0.3 +10 / -9
Total systematic uncertainty +17 / -19 +50 / -47
Statistical uncertainty +21 / -23 +93 / -99
obscured until the analysis was finalized. After unblind-
ing, we observed 78 ⌫µ-CC candidate events in the FD
with an expected background of 3.4 NC, 0.23 ⌫e-CC,
0.27 ⌫⌧ -CC events, and 2.7 cosmic ray induced events. In
the absence of oscillations 473± 30 events are predicted.
At the best fit parameters, 82.4 events are expected. Fig-
ure 2 shows the measured energy spectrum along with the
best fit prediction, with the ratio to the prediction in the
absence of oscillations shown in the lower panel. The data
are fit for oscillations using 19 energy bins of 0.25 GeV
width between 0.25-5.0 GeV. The fit uses a log-likelihood
minimization with systematic uncertainties profiled using
Gaussian penalty terms. The oscillation parameters not
directly measured in this analysis are also profiled over,
using uncertainties taken from world averages [33]. Our
best fit is quoted at  CP = 3⇡/2, which is degenerate
with  CP = ⇡/2. The disappearance probability is only
mildly dependent on the value of  CP and the e↵ect of
letting  CP vary in the [0, 2⇡] range is included in the
uncertainties.
The best fit to the data gives  m232 = (+2.67 ±
0.11)⇥10 3 eV2 and sin2✓23 at the two statistically-
degenerate values 0.404+0.030 0.022 and 0.624
+0.022
 0.030 both at
the 68% C.L. in the normal hierarchy (NH). For the in-
verted hierarchy,  m232 = ( 2.72± 0.11)⇥10 3 eV2 and
sin2✓23 = 0.398
+0.030
 0.022 or 0.618
+0.022
 0.030 at 68% C.L. The best
fit has a  2/d.o.f. = 41.6/17, which arises mainly from
bins in the tail of the energy spectrum that contain little
information about the 3-flavor oscillations. Restricting
the fit to energies below 2.5 GeV reduces the  2/d.o.f. to
3.2/7 and does not significantly change the fit results.
Maximal mixing, where sin2✓23 = 0.5, is disfavored by
the data at 2.6 . Fixing sin2✓23 = 0.5 gives a best fit
of  m232 = 2.48⇥10 3 eV2 (NH) with a prediction of
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FIG. 2. Top: Comparison of the reconstructed energy spec-
trum of the FD data (black dots) and best fit prediction (red).
The systematic uncertainty band is shaded red. Combined
beam and cosmic backgrounds are shown by the dashed blue
histogram. The prediction assuming maximal mixing is shown
in dashed green. Bottom: The ratio to no oscillations for data
and MC after background subtraction.
77.7 events. Figure 2 illustrates the di↵erence between
the energy spectrum for the maximal mixing prediction,
in dashed green, and the best fit to our data, in red, for
which the mixing is non-maximal. The 1-2 GeV region is
where the oscillation maximum occurs and the events in
that range provide the most information about the mix-
ing angle. Visual scanning of the events in this region
along with studies of their geometric location and kine-
Fig re 13: Reconstructed energy spectrum for νµ candidat s i NOνA (black dots), ompared with the
best fit (solid red line) and the prediction ssuming maximal mixing angle (dashed line) [142]. Courtesy
of the NOνA collaboration. Reprinted figure with permission from P. Adamson et al., Phys. Rev. Lett.
118, 151802, 2017. Copyright 2017 by the American Physical Society.
4.8 Evidence for ντ appearance
The OPERA experiment [140] on the CERN to Gran Sasso neutrino beam, which took data between
2008 and 2012, was designed to test the νµ → ντ appearance hypothesis. The detector is based on the
Emulsion Cloud Chamber technique, with 1,800 tons of nuclear emulsion detectors in the form of bricks,
each brick being composed of a stack of nuclear emulsion films and lead plates. This target, capable
of sub-micrometric track resolution, is devoted to the study of the neutrino interaction vertex and of
the particles associated to it. The identification of the τ leptons relies mainly on their characteristic
kink (Fig. 14) due to the decay τ → hντ , or τ → lντ ν¯l, where h is a charg d meson, and l is an
electron or a muon. An ther signature is related to the decay τ → 3hντ where the short τ track ends
in a three-pronged vertex. The target detectors are complemented by scintillator trackers and muon
spectrometers.
OPERA has observed 5 ντ candidate events [140] with a total background of 0.25±0.05 events, mainly
coming from decays of charmed particles. This corresponds to a 5.1 σ observation of ντ production in
an oscillated νµ beam.
The Super-Kamiokande collaboration has also searched for ντ appearance in multi-ring events due
to atmospheric neutrinos to test the hypothesis of νµ → ντ oscillations [161]. While the selected sample
is affected by large backgrounds, there is an excess of tau-like events in the upward-going direction with
a significance of 3.8 σ, offering a complementary confirmation of the OPERA result.
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Figure 14: Event display of the fourth ντ candidate event from the OPERA experiment [162] in the
horizontal projection longitudinal to the neutrino direction. The primary and secondary vertices are
indicated as v1 and v2, respectively. The kink between the parent and daughter track, a feature of
τ lepton decays, is clearly visible. The yellow stubs represent the track segments as measured in the
emulsion films. Courtesy of the OPERA collaboration.
5 The 1-3 sector
5.1 Early limits and first indications
The search for neutrino oscillation, and in particular for ν¯e disappearance, was performed in the
1980s also using short-baseline experiments at nuclear reactors: Institut Laue-Langevin (ILL) [163],
Go¨sgen [164], Bugey [165, 166], Rovno [167], and Krasnoyarsk [168] and later Savannah River [169].
These experiments detected of the order of 104 events (105 events for the Bugey experiment) at a dis-
tance of 10-100 m from the reactor core. They did not find any evidence for oscillations and set limits
down to ∆m2 of the order of 2 × 10−2 eV2. In the 1990s, a second generation of experiments with
Chooz [170] and Palo Verde [171] extended this search to a distance of the order of 1 km. See Ref. [172]
for a review of these early reactor experiments.
After the discovery of atmospheric and solar neutrino oscillations, it became clear that the relevant
oscillation length for the 1-3 sector of the PMNS matrix was governed by ∆m231, and that the optimal
baseline for a reactor neutrino experiment to see important spectral distortions due to the mixing angle
θ13 was around 2 km. Therefore, among the previous experiments, only Chooz and Palo Verde, with
baselines close to 1 km, could set relevant limits in the context of three neutrino oscillations. The best
limit on θ13, namely sin
2 2θ13 < 0.17 at 90% CL for ∆m
2
31 = 2.4 × 10−3 eV2, was held by the Chooz
experiment [170] for several years.
Accelerator long baseline experiments also searched for θ13 in the appearance mode. At leading order,
as we will describe in section 6.1, the appearance probability reads P (νµ → νe) = sin2 2θ13 sin2
(
∆m231L
4E
)
.
After the upper limits by K2K [173] and MINOS [174], T2K was the first experiment to report, in 2011,
an indication that θ13 6= 0 at 2.5σ. Prior to that, some hints of a nonzero value of θ13 were obtained
from the combination of atmospheric neutrino, solar neutrino and KamLAND data, with a statistical
significance of about 90% C.L. [175] (see also the combinations of solar neutrino and KamLAND data
of Refs. [176, 99]). The θ13 mixing angle has subsequently been measured with excellent precision by
the reactor experiments Daya Bay, with confirmations by the Reno and Double Chooz experiments.
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5.2 Reactor neutrinos: flux and detection
Nuclear reactors are intense sources of electron antineutrinos. Indeed, the fission processes, starting
from uranium enriched in the 235U isotope, generate unstable neutron-rich nuclei that undergo β−
decays. A typical example is 235U + n → 140Ba + 94Kr + 2n, releasing an energy of 200 MeV. This is
followed by six β− decays producing 6 electron antineutrinos. A 2800 MW reactor produces a flux of 5
× 1020 ν¯e per second.
The typical antineutrino energy is of the order of a few MeV. At these energies, an antineutrino
interacting on a proton can initiate an Inverse Beta Decay (IBD) process ν¯e p → n e+, which has a
threshold of 1.8 MeV. The cross-section of this process can be calculated to high precision from the
related neutron decay process [177, 178]. The visible energy Evis produced by the positron, neglecting
the small nuclear recoil, is related to the antineutrino energy Eν by Evis = Eν − (mn−mp) +me, where
me is the electron mass. The convolution of the β decay spectrum of antineutrinos (rapidly falling off
with energy) with the IBD cross-section (rising with energy) results in a detected antineutrino spectrum
peaking at approximately 4 MeV (Fig. 15).
In a scintillating medium the production of the positron can be easily detected by ionization followed
by annihilation. After thermalization, the neutron can be captured either on hydrogen or on nuclei
providing larger neutron capture cross-sections, like cadmium or gadolinium. The capture is followed
by the emission of several gamma rays. Depending on the capture nucleus and its concentration, the
typical capture time can be of the order of a few tens of microseconds up to 200 µs.
The IBD and following neutron capture, taking place for instance in a liquid scintillator doped with
gadolinium, is a very clean experimental method to detect antineutrinos. The positron signal followed
by the signal related to the neutron capture in a delayed coincidence offers a clear and clean way
to distinguish it from other background reactions. This experimental technique has been used since
the discovery of the neutrino in the historic Savannah River experiment [179] and then by numerous
experiments located close to nuclear reactors and searching for neutrino oscillations.
The precise calculation of the antineutrino flux from a reactor is a difficult task since it involves
more than thousand beta decay branches involving unstable nuclei. For some of these little or no data
is available. A series of experiments that took place in the 1980s at the ILL facility [180, 181, 182]
measured the electron spectrum emitted by the β decays taking place in foils containing 235U, 239Pu,
and 241Pu under a thermal neutron flux. The antineutrino spectrum can then be computed from the
electron spectrum under some assumptions with the so-called inversion method, with a precision ranging
from 2% at 2 MeV to 10% at 8 MeV. Ab-initio calculations were also performed recently (see Section 8).
5.3 Results from reactor experiments
In the PMNS framework, the ν¯e survival probability is given at leading order by Eq. (24):
P (ν¯e → ν¯e) ' 1− sin2 2θ13 sin2
(
∆m231L
4E
)
(99)
for a baseline L and a neutrino energy E satisfying ∆m221L/E  1. The disappearance of ν¯e reaches a
maximum at 2 km for Eν = 4 MeV. A reactor neutrino experiment with a baseline of the order of 1-2
km offers therefore a good probe of the θ13 mixing angle.
In the last decade, a new generation of reactor experiments has been built to push the sensitivity
even further: Double Chooz [183] in France, RENO [184] in South Korea and Daya Bay [185] in China.
The experimental features of these experiments are similar, and here we will describe the Daya Bay
experiment.
The Daya Bay nuclear complex comprises six nuclear reactors with a total thermal power of 17.4
GW, grouped in two areas. Three underground experimental halls, two near sites close to the reactors
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Figure 15: Typical reactor ν¯e flux, IBD cross-section and resulting interaction spectrum.
and one far site, host eight identical antineutrino detectors (AD). The flux-averaged baselines for the
three experimental halls are 520, 570 and 1590 m, respectively.
Each AD consists of three concentric cylindrical volumes separated by acrylic vessels. The innermost
volume contains 20 tons of gadolinium-loaded liquid scintillator, providing the target for the neutrino
interactions. Most of the neutrons are captured inside this volume. The next volume is filled with
liquid scintillator to detect the gammas and thereby reduce the energy leakage. The outermost volume
is filled with mineral oil and provides a shield against the radioactivity produced by the PMTs and the
walls of the tank, on which a total of 192 PMTs are mounted. The tank itself is immersed in ultra-pure
water providing a shield against external radiation and cosmic rays that can be tagged by additional
PMTs.
After the selection of IBD events, more than 1 million candidate events have been detected. The
largest background is due to accidental coincidences, followed by cosmogenic backgrounds and fast
neutrons. In total the background represents 2% (3%) of the selected samples at the near (far) sites.
Comparing the rate obtained in the near detectors to the rate in the far detectors (Fig. 16), Daya
Bay [186] measures
sin2 2θ13 = 0.084± 0.005 (100)
∆m2ee = (2.42± 0.11)× 10−3 eV2 (101)
where ∆m2ee is the effective squared-mass difference governing short-baseline ν¯e disappearance, which is
given by ∆m2ee = cos
2 θ12∆m
2
31 + sin
2 θ12∆m
2
32 to an excellent accuracy [57] (see Section 2.4).
The results from Double Chooz [187], sin2 2θ13 = 0.088 ± 0.033, and RENO [188], sin2 2θ13 =
0.082± 0.009± 0.006, are in agreement with this result but with larger uncertainties. The mixing angle
θ13 has thus recently gone from the last unknown angle in the PMNS matrix to the best known.
Precise measurements of the positron spectrum of IBD events have been compared with the expec-
tation from the inversion method and found to disagree. The most notable feature is a shoulder around
an energy of 5 MeV first observed by the RENO experiment [188, 189]. Background and detector
effects have been disfavoured as a source of this discrepancy. As the measurement of θ13 is obtained by
comparing the rate and shape measured at the far detector with those measured at the near detectors
with minimal model dependence, it is practically not affected by this discrepancy.
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Figure 16: Left plot: the reconstructed positron energy spectrum observed by Daya Bay in the far
site (black points), compared with the expectation derived from the near sites without (blue line) or
with (red line) oscillations. The lower plot shows the ratio of the spectra to the no-oscillation case
and the shaded area includes the systematic and statistical uncertainties [190]. Right plot: Daya Bay
electron antineutrino survival probability versus effective propagation distance L divided by the average
antineutrino energy E [190]. Courtesy of the Daya Bay collaboration. Reprinted figure with permission
from F. P. An et al., Phys. Rev. Lett., 115, 111802, 2015. Copyright 2015 by the American Physical
Society.
6 Three-flavour effects
6.1 Electron neutrino appearance in long-baseline experiments
As discussed in Section 2.3, the measurement of nonzero values for all three mixing angles θ12, θ23 and
θ13 establishes a necessary condition for CP violation driven by the parameter δCP . This would be
a genuine three-flavour effect. In the following, we will explain how these effects can be probed in a
long-baseline neutrino experiment.
The probability of electron neutrino appearance in a beam of muon neutrinos is given by Eq. (68):
P (νµ → νe) = sin2 θ23 sin
2 2θ13
(A− 1)2 sin
2[(A− 1)∆31]
+ α2 cos2 θ23
sin2 2θ12
A2
sin2(A∆31)
− αsin 2θ12 sin 2θ13 sin 2θ23 cos θ13 sin δCP
A((1− A) sin ∆31 sin(A∆31) sin[(1− A)∆31]
+ α
sin 2θ12 sin 2θ13 sin 2θ23 cos θ13 cos δCP
A((1− A) cos ∆31 sin(A∆31) sin[(1− A)∆31] (102)
where α = ∆m221/∆m
2
31, ∆ji = ∆m
2
jiL/4E and A = 2
√
2GFneE/∆m
2
31. The corresponding formula for
P (νµ → νe) can be obtained by reversing the signs of δCP and A. The different terms contributing to
P (νµ → νe), which are described below, are plotted in Fig. 17 together with the total contribution from
matter effects, assuming a baseline of 295 km.
The first term in Eq. (102) (labelled “leading” in Fig. 17) is the leading order term and corresponds
to the 1-3 sector oscillations driven by the squared-mass difference ∆m231. It should be noticed that
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TABLE VII. Parameters other than ✓13 and   assumed in this section.
Name Value
L 295 km
 m221 7.6⇥10 5 eV2
| m232| 2.4⇥10 3 eV2
sin2 ✓12 0.31
sin2 ✓23 0.5
Density of the earth (⇢) 2.6 g/cm3
Figure 17: Oscillation probability νµ → νe as a function of neutrino energy with L = 295 km, sin22θ13
= 0.1, δCP = pi/2 and normal mass ordering [191]. The contribution of each term in the oscillation
probability Eq. (102) is shown separately. Courtesy of the Hyper-Kamiokande collaboration.
Table 5: Matter effect parameter A for various baselines and energies for a constant matter density of
2.6 g/cm−3.
Experiment L E A
T2K 295 0.6 0.046
NOνA 800 1.6 0.12
DUNE 1300 2.6 0.20
it contains also a factor sin2 θ23 that is sensitive to the octant of θ23, while the leading term in the νµ
survival probability for atmospheric neutrinos and long-baseline experiments is proportional to sin2 2θ23.
In principle, a precise determination of the appearance probability would allow to determine the octant
of θ23.
The second term (labelled “solar” in Fig. 17) corresponds to the 1-2 sector oscillations and is
suppressed because of the smallness of α ' 0.03. In other terms, for ∆m231L/4E ' pi/2, which is the
working point usually adopted for long-baseline experiments, the phase ∆m221L/4E is lagging behind.
The third term (“CPV”) contains the CP-violating part and is proportional to the Jarlskog invariant
J , whose expression is given by Eq. (31). It modifies the leading order term by as much as ± 30 % for
δCP = ∓pi/2, respectively, in the case of neutrinos.
The fourth term(“CPC”) is CP conserving, as it is proportional to cos δCP . Since its dependence on
δCP is different from the one of the third term, it might be useful for resolving degeneracies. As this
term is proportional to cos ∆31, it is zero at the first vacuum oscillation maximum, ∆31 = pi/2. It must
therefore be studied for L/E away from the first oscillation maximum.
Matter effects enter through the A term. It can be seen that A is proportional to the ratio E/Eres,
where Eres is the energy for which the resonance condition is attained in the medium of constant density.
Since the resonance condition can be satisfied either for neutrinos or for antineutrinos, depending on
the sign of ∆m231 and therefore on the mass ordering, matter effects either enhance P (νµ → νe) or
P (ν¯µ → ν¯e). Values of A for the various long-baseline experiments are shown in Table 5. It can be seen
that the matter effects are very small for T2K, sizeable for NOνA and even more important for DUNE,
as they enter non-linearly, notably through the factor 1/(A− 1)2 in the first term of Eq. (102). Matter
effects will either enhance or suppress the first term in Eq. (102). The separation between the two mass
orderings will be more favourable for larger values of θ23 because of the factor sin
2 θ23 appearing in the
first term.
On the other hand, CP-violating effects also enhance either the neutrino or the antineutrino appear-
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ance probability. Since the first term is proportional to sin2 θ23, while the third, CP-violating term is
proportional to sin 2θ23, the CP violation sensitivity is slightly better for lower values of θ23, for which
the modulation induced by CP violation is larger.
In summary, a precise measurement of P (νµ → νe) and P (ν¯µ → ν¯e) would allow to constrain the
remaining unknowns in the PMNS matrix: the octant of θ23, δCP and the mass ordering, together with
an independent determination of θ13. This explains why long-baseline neutrino experiments capable of
carrying out this experimental program have received a lot of attention in the last years.5
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FIG. 2: P (⌫µ! ⌫e) versus P (⌫µ! ⌫e) for both hierarchies (red
and blue ellipses) and for the full range of   (cycling around
the ellipses) for a representative L/E value of 0.4 km/MeV.
At the T2K baseline, the neutrino and antineutrino oscillation
probabilities di↵er very little between the two hierarchies and
thus measurements of these probabilities o↵er minimal hierar-
chy discrimination. For NO⌫A, significant splitting of the two
cases occurs. For DUNE, the separation is complete, allowing
for unambiguous determination of the hierarchy regardless of
 , assuming small enough measurement errors on the probabil-
ities. This figure is illustrative only, as it keeps other oscillation
parameters fixed and as a full experiment involves a range of
neutrino energies.
shows the projected reach of NO⌫A both with and without the inclusion of T2K data. NO⌫A is the only operational
experiment with any significant hierarchy sensitivity, albeit with a possibility of confusion from  .
Both T2K and NO⌫A use multiple detectors to mitigate systematic uncertainties. NO⌫A uses identical detector
technologies at its two sites at L⇡ 1 km and 810 km. T2K uses a multipurpose, o↵-axis near detector at 280 meters
together with a beam monitoring detector situated on-axis. The multi-detector approach makes the T2K and NO⌫A
experiments statistics limited for some time, so our knowledge of the hierarchy in the next five to ten years will be
driven in part by the beam power achieved at Fermilab and, to a lesser extent, at J-PARC. The NuMI beam reached
400 kW in early 2015 and is projected to reach the design 700 kW within two years, after the completion of upgrades
to the Booster, which lies upstream in the accelerator chain. The J-PARC neutrino source is operating at ⇠325 kW,
and significant future upgrades are needed to realize the planned 750 kW.
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thus measurements of these probabilities o↵er minimal hierar-
chy discrimination. For NO⌫A, significant splitting of the two
cases occurs. For DUNE, the separation is complete, allowing
for unambiguous determination of the hierarchy regardless of
 , assuming small enough measurement errors on the probabil-
ities. This figure is illustrative only, as it keeps other oscillation
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experiment with any significant hierarchy sensitivity, albeit with a possibility of confusion from  .
Both T2K and NO⌫A use multiple detectors to mitigate systematic uncertainties. NO⌫A uses identical detector
technologies at its two sites at L⇡ 1 km and 810 km. T2K uses a multipurpose, o↵-axis near detector at 280 meters
together with a beam monitoring detector situated on-axis. The multi-detector approach makes the T2K and NO⌫A
experiments statistics limited for some time, so our knowledge of the hierarchy in the next five to ten years will be
driven in part by the beam power achieved at Fermilab and, to a lesser extent, at J-PARC. The NuMI beam reached
400 kW in early 2015 and is projected to reach the design 700 kW within two years, after the completion of upgrades
to the Booster, which lies upstream in the accelerator chain. The J-PARC neutrino source is operating at ⇠325 kW,
and significant future upgrades are needed to realize the planned 750 kW.
Figure 18: Oscillation probabilities P (νµ → νe) and P (ν¯µ → ν¯e) for normal (blue) and inverted (red)
mass ordering, assuming T2K (left), NOνA (center) and DUNE (right) baselines and a representative
L/E value of 0.4 km/MeV [192]. Court sy of R. B. P tterson. Reproduced with permission of Ann.
Rev. of Part. Sci., 65. Copyright by Annu l Revi ws.
The interplay between the various terms in Eq. (102) can be best understood by plotting the prob-
abilities P (νµ → νe) versus P (ν¯µ → ν¯e) for fixed L and E, as shown in Fig. 18. The leading order term
always lies on the diagonal. The CP-violating third term and the CP-conserving fourth term modulate
the bi-probability in the shape of an ellipse as a function of δCP. Matter effects displace this ellipse
either enhancing P (νµ → νe) or P (ν¯µ → ν¯e).
It has been pointed out that this experimental program is actually more difficult to achieve than it
may appear because of multiple degeneracies [193, 194, 195, 196]. A measurement at a single energy and
baseline of P (νµ → νe) and P (ν¯µ → ν¯e), even with infinite precision, would lead to multiple ambiguities
in t e determinatio of the n erlying parameters. T is is due to three independent two-fold parameter
degeneracies: (δCP , θ13), the sign of ∆m
2
31 ( hat is the mass ordering) and (θ23, pi/2 − θ23) [196]. The
first deg neracy is solved by precision measurements of θ13 at reactors. The second degeneracy is lifted
by comparing measurements at different baselines, like T2K and NOνA for the running experiments,
or DUNE and Hyper-Kamionande in the next decade (see for instance Refs. [197, 198]). Moreover,
both DUNE and Hyper-Kamiokande are considering the possibility of multiple L/E within the same
experiment. DUNE will achieve this with a wide-band beam, capable of some sensitivity at the second
oscillation maximum. Hyper-Kamiokande is considering a second detector in Korea on the same beam
line, but at a very different L around 1100 km. In addition, Hyper-Kamiokande will benefit from a large
sample of atmospheric neutrinos. In any case, the precise determination of θ23 will become increasingly
difficult if the true value lies very close to pi/4 [199].
6.2 Experimental results from T2K and NOνA
After having obtained the first precious indication [6] of a non-zero value of θ13 in 2011, the νe ap-
pearance phenomenon has been observed for the first time by T2K in 2013 [10]. A total of 28 electron
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neutrino candidates were detected in Super-Kamiokande, while 4.92 ± 0.55 background events were
expected for θ13 = 0. The selection of these events in Super-Kamiokande is performed requiring fully
contained, one-ring electron-like events. The background due to NC interactions with pi0 production
is reduced by a factor 9 with a special algorithm [141] testing the hypothesis of two electromagnetic
showers, corresponding to pi0 → γγ. The purity of the final sample is 80% for νµ → νe oscillated events,
while the remaining background is mainly due to the irreducible beam νe background (15%) and to NC
events (4.4 %). The distribution of lepton momentum and angle (with respect to the beam direction)
for these events is shown in Fig. 19. The significance of this measurement corresponds to 7.3 σ.6
systematic uncertainty is calculated to be 1.6% for signal
events and 7.3% for background events. The total SK
selection uncertainty is 2.1% for the νe candidate events
assuming sin22θ13 = 0.1.
Additional SK systematic uncertainties are due to
final-state interactions (FSI) of pions that occur inside
the target nucleus, as well as secondary interactions (SI)
of pions and photo-nuclear (PN) interactions of photons
that occur outside of the target nucleus. The treatment
of the FSI and SI uncertainties is the same as in the pre-
vious analysis [26]. For this analysis, a new simulation of
PN interactions has been added to the SK MC. In the fi-
nal νe event sample, 15% of the remaining π
0 background
is due to events where one of the π0 decay photons is ab-
sorbed in a PN interaction. A systematic uncertainty of
100% is assumed for the normalization of the PN cross
section.
Oscillation Analysis—The neutrino oscillation param-
eters are evaluated using a binned extended maximum-
likelihood fit. The likelihood consists of four components:
a normalization term (Lnorm), a term for the spectrum
shape (Lshape), a systematics term (Lsyst), and a con-
straint term (Lconst) from other measurements,
L(Nobs, x⃗, o⃗, f⃗) = Lnorm(Nobs; o⃗, f⃗)× Lshape(x⃗; o⃗, f⃗)
×Lsyst(f⃗)× Lconst(o⃗), (3)
where Nobs is the number of observed events, x⃗ is a set of
kinematic variables, o⃗ represents oscillation parameters,
and f⃗ describes systematic uncertainties.
Lnorm is calculated from a Poisson distribution us-
ing the mean value from the predicted number of MC
events. Lsyst(f⃗) constrains the 27 systematic parameters
from the ND280 fit, the SK-only cross section parame-
ters, and the SK selection efficiencies. Table II shows
the uncertainties on the predicted number of signal νe
events. The Lshape term uses x=(pe, θe) to distinguish
TABLE II. The uncertainty (RMS/mean in %) on the pre-
dicted number of signal νe events for each group of systematic
uncertainties for sin22θ13 = 0.1 and 0.
Error source [%] sin22θ13 = 0.1 sin
22θ13 = 0
Beam flux and near detector 2.9 4.8
(w/o ND280 constraint) (25.9) (21.7)
ν interaction (external data) 7.5 6.8
Far detector and FSI+SI+PN 3.5 7.3
Total 8.8 11.1
the νe signal from backgrounds. An alternative analysis
uses x = Erecν , the reconstructed neutrino energy. In or-
der to combine the results presented in this letter with
other measurements to better constrain sin22θ13 and δCP,
the Lconst term can also be used to apply additional con-
straints on sin22θ13, sin
2θ23 and ∆m
2
32.
The following oscillation parameters are fixed in the
analysis: sin2θ12 = 0.306, ∆m
2
21 = 7.6 × 10−5 eV2 [27],
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sin2θ23 = 0.5, |∆m232| = 2.4 × 10−3 eV2 [28] and
δCP = 0. For the normal (inverted) hierarchy case,
the best-fit value with a 68% confidence level (CL) is
sin22θ13 = 0.140
+0.038
−0.032 (0.170
+0.045
−0.037). Figure 3 shows the
best-fit result, with the 28 observed νe events. The al-
ternative analysis using Erecν produces consistent best-fit
values and nearly identical confidence regions. Figure 4
shows the Erecν distribution with the MC prediction for
the best-fit θ13 value in the alternative analysis.
The significance for a non-zero θ13 is calculated to be
7.3σ, using the difference of log likelihood values between
the best-fit θ13 value and θ13 = 0. An alternative method
of calculating the significance, by generating a large num-
ber of toy MC experiments assuming θ13 = 0, also returns
Figur 19: Electron p−θ distribution for the νe candidate events observed in the T2K far detector [10].
Courtesy of the T2K collaboration.
In the coming years, before the new projects described in Section 9 will come online, the quest for
the unknown parameters in the PMNS scheme (δCP, mass ordering, θ23 octant) will be led by the two
long-baseline accelerator experiments that are currently taki g data, namely T2K and NOνA.
T2K has recently published its first oscillation analysis obtained combining data taken with neutrino
and antineutrino beams with approximately the same amount of POT [155]. With this data set, 32 e-like
cand dates are observed at SK in neutrino mode and 4 in antineutrino mode. The expected number of
events depends on the value of δCP and on the mass ordering, as shown in Table 6. They vary between
19.6 and 28.7 (17.1 and 25.4) for normal (inverted) ordering in neutrino mode and between 6.0 and 7.7
(6.5 and 7.4) in antineutrino mode. The value δCP = −pi/2 maximizes the νe appearance probability
and minimizes the νe appearance probability while the opposite happens for δCP = pi/2.
Table 6: Number of events for the νe and νe selection in ν an ν¯ modes expected for various values of
δCP and both mass orderings, compared with the observed numbers in the T2K experiment [155].
Normal δCP = −pi/2 δCP = 0 δCP = pi/2 δCP = pi Observed
ν mode 28.7 24.2 19.6 24.1 32
ν mode 6.0 6.9 7.7 6.8 4
Inverted δCP = −pi/2 δCP = 0 δCP = pi/2 δCP = pi Observed
ν mode 25.4 21.3 17.1 21.3 32
ν mode 6.5 7.4 8.4 7.4 4
Since T2K observes a mild excess of νe candidates with re pec to the most favourable value and
49
a deficit of νe candidates, a value of δCP close to −pi/2 and the normal ordering are preferred by the
data even without the inclusion of the reactor constraint for the measurement of θ13. This is shown
in Fig. 20. For the first time, long-baseline experiments have a sensitivity to δCP without considering
independent informations from reactors, and a good agreement between the value of θ13 measured by
the reactors and the one measured by T2K is observed.
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igure 20: Left plot: T2K 68% and 90% confidenc regions in the δC –sin
2 θ13 plane [155] re shown
by the dashed (continuous) li es, computed independently for the normal (black) and inverted (yellow)
mass ordering. The b st-fit point is shown by a star for each m ss rdering hypothe is. The 68%
confidence re ion from reactor experiments on sin2 θ13 is shown by the yellow vertical band. Right plot:
T2K constraint expressed as −2∆lnL as a function of δCP for th n rmal (black) and inverted (yellow)
mass ordering [155]. The vertical lines show the corresponding allow d 90% onfidence intervals. The
re ctor measurement of sin2 θ13 is used as prior. Courtesy of the T2K collaboration.
When the average value of θ13 measured by the reactor experiments is used, additional information
on the v lue of δCP can be obtained. The T2K collaboration has obtained confidence intervals for δCP
(see Fig. 20) and values conserving CP (δCP = 0 or pi) are excluded at 90% C.L.
NOνA has also released new results in 2016 for νe appearance i the neutrino mode [11]. The
collaboration observed 33 νe ca didate events at the far detector with 8.2 ± 0.8 background events
expected. The prediction for the signal events vary from 28.2 (no mal order ng, δCP = −pi/2) to 11.2
(inverted ordering, δCP = pi/2). A joint analysis of appearance and disappe rance channels has been
performed and the results in the sin2θ23-δCP plane are shown in Fig. 21. Given the non-maximal θ23
value found by NOνA, there are two degenerate best fit points, both in the normal ordering, (sin2θ23
= 0.404, δCP = 1.48 pi) and (sin
2θ23 = 0.623, δCP = 0.74 pi). This is a practical illustration of the
degeneracy problem discussed previously. The inverted mass ordering in the lower octant is disfavoured
at greater than 93% C.L. for all values of δCP, and excluded at greater than 3 σ significance outside the
range 0.97 pi < δCP < 1.94pi. These data are in agreement with T2K results but clearly both experiments
are still dominated by the statistical uncertainty. The updates of these results will be of great interest
for the determination of the remaining unknown neutrino oscillation parameters.
6.3 Three-flavour effects with atmospheric neutrinos
Three-flavour oscillation effects can also be studied with atmospheric neutrinos. The Super-Kamiokande
collaboration has separated its atmospheric neutrino data, register d since 1996 and corresponding to
5326 days, into three topologically distinct categories: fully contained, partially contained, and upward-
going muons. Fully cont in d events re divided into subsamples based on h ir number of reconstructed
Cherenkov rings, their energy, the particle ID (PID) of their most energetic ring and the number of
observed Michel electrons. After all selections there are 19 analysis samples (Fig. 6). Some separation
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FIG. 3: Regions of  CP vs. sin
2 ✓23 parameter space consis-
tent with the observed spectrum of ⌫e candidates and the ⌫µ
disappearance data [30]. The top panel corresponds to normal
mass hierarchy ( m232 > 0) and the bottom panel to inverted
hierarchy ( m232 < 0). The color intensity indicates the con-
fidence level at which particular parameter combinations are
allowed.
dict the expected signal and background spectra at the
FD. Leading sources of systematic uncertainty consid-
ered include calibration, neutrino flux, modeling of neu-
trino interactions, detector response, and normalization.
The overall e↵ect of the uncertainties summed in quadra-
ture on the total event count is 5.0% (10.5%) on the sig-
nal (background). The statistical uncertainties of 20.1%
(34.9%) on the signal (background) therefore dominate.
After the event selection criteria and analysis proce-
dures were finalized, inspection of the FD data revealed
33 ⌫e candidates, of which 8.2 ± 0.8 (syst.) events are
predicted to be background [41]. Figure 2 shows a com-
parison of the event distribution with the expectations at
the best fit point as a function of the classifier variable
and reconstructed neutrino energy.
To extract oscillation parameters, the ⌫e CC energy
spectrum in bins of event classifier is fit simultaneously
with the FD ⌫µ CC energy spectrum [30]. The NOvA ⌫µ
disappearance result constrains sin2 ✓23 around degener-
ate best fit points of 0.404 and 0.624. The likelihood be-
tween the observed spectra and the Poisson expectation
in each bin is computed as a function of the oscillation pa-
rameters | m232|, ✓23, ✓13,  CP , and the mass hierarchy.
CPδ
)
σ
Si
gn
ific
an
ce
 (
0
1
2
3
4
5
0
2
π π
2
π3 π2
NH lower octant
 lower octantnIH
NH upper octant
 upper octantnIH
 POT equiv.2010×6.05
NOvA FD
FIG. 4: Significance at which each value of  CP is disfavored
for each of the four possible combinations of mass hierarchy:
normal (blue) or inverted (red), and ✓23 octant: lower (solid)
or upper (dashed), by the combination of ⌫e appearance and
NOvA’s latest ⌫µ disappearance measurement [30].
Systematic uncertainties are incorporated into the fit as
nuisance parameters. Where systematic uncertainties are
common between the two data sets, the nuisance param-
eters associated with the e↵ect are correlated appropri-
ately. Gaussian penalty terms are applied to represent
the estimates of the 1  ranges of these parameters, and
the knowledge of sin2 2✓13 = 0.085 ± 0.005 from reactor
experiments [38].
Figure 3 shows the regions of (sin2 ✓23,  CP ) space al-
lowed at various confidence levels. The likelihood surface
is profiled over the parameters | m232| and ✓13 while the
solar parameters  m221 and ✓12 are held fixed. The sig-
nificances are derived using the Feldman-Cousins unified
approach [39] to account for the statistical e↵ects of low
event count and physical boundaries.
Figure 4 shows the significance at which values of  CP
are disfavored for each hierarchy and octant combination.
The value of sin2 ✓23 is profiled within the specified oc-
tant. There are two degenerate best fit points, both in
the normal hierarchy, sin2 ✓23 = 0.404,  CP = 1.48⇡ and
sin2 ✓23 = 0.623,  CP = 0.74⇡. The inverted hierarchy
predicts fewer events than are observed for all values of
 CP and both octants. The best-fit point in the inverted
hierarchy occurs near  CP = 3⇡/2 and is 0.46   from the
global best-fit points. The inverted mass hierarchy in
the lower octant is disfavored at greater than 93% C.L.
for all values of  CP , and excluded at greater than 3 
significance outside the range 0.97⇡ <  CP < 1.94⇡.
To conclude, in the first combined fit of the NOvA ⌫e
appearance and ⌫µ disappearance data, the inverted mass
hierarchy with ✓23 in the lower octant is disfavored at
greater than 93% C.L. for all values of  CP . Future data-
taking in antineutrino mode, where the impact of the
mass hierarchy and CP phase are reversed with respect to
their e↵ect on neutrinos, will help resolve the remaining
Figure 21: Confidence regions of δCP versus sin
2θ23 consistent with the observed spectrum of νe and νµ
candidates in NOνA. The top panel corresponds to the ormal mass hierarchy (NH) an the bottom
panel to the inverted hierarchy (IH) [11]. Courtesy of the NOνA collaboration. Reprinted figure with
permission from P. Adamson et al., Phys. Rev. Lett., 118, 231801, 2017. Copyright 2017 by the
American Physical Society.
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is possible between νe and ν¯e events and this enhances the sensitivity of the analysis. The fit of these
samples shows some preference for the normal mass ordering (χ2IO−χ2NO = 4.3) and δCP = 3pi/2 [200].
7 Global fits of the PMNS model
The large set of experimental results on neutrino oscillations, with the exception of the few anoma-
lies that will be presented in Section 8, supports the global picture of three active neutrino mixing
parametrized by the PMNS mixing matrix and two independent squared-mass differences.
Global fits of the neutrino oscillation data have been performed by three groups [105, 201, 202],
with results in good agreement. The results of the most recent fits are reported in Table 7 [105] and in
Fig 22 [201] and in the following of this section.
Parameter Normal Ordering Inverted Ordering
θ12 (deg) 33.56
+0.77
−0.75 33.56
+0.77
−0.75
θ23 (deg) 41.6
+1.5
−1.2 50.0
+1.1
−1.4
θ13 (deg) 8.46
+0.15
−0.15 8.49
+0.15
−0.15
δCP (deg) 261
+51
−59 277
+40
−46
∆m221 (10
−5eV2) 7.50 +0.19−0.17 7.50
+0.19
−0.17
∆m23l (10
−3eV2) 2.524 +0.039−0.040 -2.514
+0.038
−0.041
Table 7: PMNS parameters determined by a recent global fit to the world neutrino data [105] in the
hypothesis of normal ordering (second column) and inverted ordering (third column). The parameter
∆m23l is equal to ∆m
2
31 for NO and to ∆m
2
32 for IO.
Presently, there is no strong preference for the normal or inverted ordering of the neutrino mass
eigenstates. The measurement of the angles θ12 and θ13 and of the squared-mass differences has already
reached the few percent precision level. This is not the case for the angle θ23, whose 3σ range spans
the interval [38,52] degrees (see also Fig. 22) because of a mirror solution in the higher octant, and
because the data do not exclude the possibility of a maximal θ23. The precise determination of θ23, of
the CP-violating phase δCP and of the mass ordering remains a task for future experiments.
Another long-standing feature of the data is the minor (2σ) tension between the determination of
∆m221 by KamLAND on one side, and by the Super-Kamiokande, SNO and Borexino solar neutrino
results on the other side. This tension is related to the non-observation of the turn up on the lower
part of the energy spectrum as predicted by the MSW effect. The observation of the day-night effect
for solar neutrinos by Super-Kamiokande is also contributing to this tension.
The 3σ ranges for the magnitude of the entries of the PMNS matrix, as determined from the global
fit of Ref. [105], are
|U | =
0.800− 0.844 0.515− 0.581 0.139− 0.1550.229− 0.516 0.438− 0.699 0.614− 0.790
0.249− 0.528 0.462− 0.715 0.595− 0.776
 (103)
The Jarlskog invariant cannot be precisely determined today, however its maximum value, with 1σ
uncertainty, is [105]
JmaxCP = 0.0329± 0.0007 (104)
to be compared with the Jarlskog invariant of the CKM matrix JCKMCP = (3.04
+0.21
−0.20)× 10−5 [33].
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Figure 22: Bounds on the mass and mixing parameters in terms of the number of standard deviations
σ from the best fit, for either normal ordering (solid lines) or inverted ordering (dashed lines) [201].
The bounds on ∆m221 and θ12 are independent of the ordering. The horizontal dotted lines mark the
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2016 T2K results for δCP . Courtesy of F. Capozzi et al.
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8 Experimental anomalies beyond the PMNS model
The vast majority of experimental measurement related to neutrino oscillations can be described in the
PMNS framework as explained in the previous sections. There are however some unresolved anomalies:
• The Liquid Scintillator Neutrino Detector (LSND) [203], collecting data between 1993 and 1998,
reported an excess of 87.9±22.4±6.0 events consistent with ν¯ep→ e+n scattering while studying
ν¯µ (endpoint energy 52 MeV) from µ
+ decaying at rest, with a distance from the source to the
liquid scintillator detector (167 tons) of 30 m. This might be interpreted as evidence for ν¯µ → ν¯e
neutrino oscillations with ∆m2 in the 0.2-10 eV2 range. Instead the KArlsruhe Rutherford Medium
Energy Neutrino (KARMEN) experiment [204] at the spallation neutron source ISIS used ν¯µ from
µ+ decay at rest in the search for neutrino oscillations in the appearance mode ν¯µ → ν¯e, and did
not observe an indication for oscillation.
• The MiniBooNE experiment [205, 206] was built at the Fermi National Accelerator Laboratory
(FNAL) to confirm the LSND claim with a muon neutrino beam , whose peak energy is 600 MeV
for neutrinos and 400 MeV for antineutrinos. It consists of a tank containing 806 tons of mineral
oil equipped with 1,520 PMTs at 540 m from the beam target. It reported unexplained excesses in
the low-energy region of electron neutrinos (162.0 ± 47.8 events) and antineutrinos (78.4 ± 28.5
events) at the 3.4 and 2.8σ levels. The energy distribution of the excess in the neutrino channel
is only marginally compatible with a simple two-neutrino effective model.
• The GALLEX and SAGE Gallium solar neutrino experiments have been calibrated using intense
radioactive sources (51Cr and 37Ar) placed inside the detectors [207, 208, 209, 210, 211, 212, 95].
The measured event rate is lower than expected, with the ratio of observed over expected rate
0.86± 0.05 deviating from 1 at the 2.8σ level [213]. This constitutes the Gallium anomaly.
• A recent re-evaluation [214] of the reactor neutrino flux, combining an ab initio calculation of the
spectrum related to 238U and a revised β inversion method for the other actinides, resulted in
an upward shift of the normalization by 3% on average. A comparison of the expected with the
observed antineutrino rate in short-baseline reactor experiments (L < 100 m and down to 9 m
for the ILL experiment [163] and 15 m for the Bugey-4 experiment [214]) results in a ratio of
0.943± 0.023 [166]. This constitutes the reactor anomaly.
All these anomalies can be interpreted as hinting to the existence of oscillations of active neutrinos
towards a sterile state with a ∆m2 around 1 eV2. It must be stressed that, while all measurements
related to the various sectors of the PMNS matrix have been confirmed by several experiments with very
different techniques (for instance, the θ23-induced oscillations have been observed by experiments using
atmospheric neutrinos and by long-baseline experiments), each of these anomalies is rather isolated.
Moreover, the statistical significance is far from being compelling and does not exceed 3σ. Repeated
and numerous attempts have been made to interpret these anomalies in models where the three known
active neutrinos mix with a fourth sterile state (3+1) or with two new sterile states (3+2). In the 3+1
model, in the limit where the ∆m221- and ∆m
2
31-driven oscillations can be neglected, the νe (ν¯e) survival
probability is given by Eq. (73), namely
P (νe → νe) = 1− sin2 2θee sin2
(
∆m241L
4E
)
(105)
where the effective mixing angle θee is defined as sin
2 2θee = 4|Ue4|2(1− |Ue4|2). On the other hand, the
νµ → νe appearance probability is given by Eq. (74):
P (νµ → νe) = sin2 2θµe sin2
(
∆m241L
4E
)
(106)
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where the effective mixing angle sin2 2θµe = 4|Ue4Uµ4|2 depends on the two 4× 4 PMNS matrix entries
Ue4 and Uµ4. Therefore, to explain the results of the LSND and MiniBooNE experiments, both Ue4 and
Uµ4 must be different from zero. The formulae are more complex for the 3+2 model, which contains
a larger number of free parameters. The new feature of this scheme with respect to the 3+1 model is
that it allows for CP violation in short-baseline appearance experiments (see subsection 2.6).
Global fits to the world dataset including these anomalies and all other experimental results on
neutrino oscillation measurements and searches have been attempted [215, 216]. The result is that there
is a strong tension between appearance experiments like LSND and MiniBooNE and the negative results
from disappearance experiments like CERN-Dortmund-Heidelberg-Saclay (CDHS) [217]. Oscillations
in the ν¯µ → ν¯e channel inevitably entail disappearance in the ν¯µ → ν¯µ channel with the same L/E
range. This disappearance has not been observed. The compatibility of appearance and disappearance
data is at the level of 10−4 for the 3+1 model [216]. More complex schemes like the 3+2 model, which
was considered initially to reduce the tension between the neutrino and antineutrino MiniBooNE data
(this tension has almost completely disappeared from the final data, reducing the motivation for this
model), do not improve the compatibility between appearance and disappearance data. The authors of
Ref. [215] propose to exclude the MiniBooNE low-energy bins to improve the goodness of fit.
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Figure 23: Left plot: the reconstructed energy distribution of atmospheric νµ events observed by the
IceCube experiment compared to the prediction without sterile neutrinos [218]. Right plot: the 99% CL
contour (red solid line) in the ∆m241 versus sin
2 2θ24 plane obtained by the IceCube experiment [218] is
shown with bands containing 68% (green) and 95% (yellow) of the 99% CL contours in simulated pseudo-
experiments. The contours and bands are overlaid on 90% CL exclusions from previous experiments [219,
220, 221, 217] and the MiniBooNE / LSND 90% CL allowed region with different assumptions on
|Ue4|2 [222, 223]. Courtesy of the IceCube collaboration. Reprinted figure with permission from M. G.
Aartsen et al., Phys. Rev. Lett., 117, 071801, 2016. Copyright 2016 by the American Physical Society.
Very recent data actually bring more experimental evidence against the LSND and MiniBooNE
anomalies. The IceCube has studied the atmospheric muon neutrino spectrum in the energy range 320
GeV to 20 TeV [224]. Muon neutrino mixing with a sterile state with ∆m241 in the 1 eV
2 range would
significantly deplete the antineutrino spectrum in the 3+1 model, due to MSW resonance effects related
to neutrino propagation in the Earth. The observed deficit can reach 11% for the bin with the largest
effect in the distribution of reconstructed energy and zenith angle. Similar effects would deplete the
neutrino spectrum in the 1+3 model. No depletion is observed in a sample of 20,145 well reconstructed
muons registered with an 86 string configuration in 2011 and 2012. This allows to set strong limits
55
in the ∆m241 versus sin
2 2θ24 plane. The allowed region from the appearance experiments LSND and
MiniBooNE is excluded at the 99% CL (Fig. 23).
An interesting limit has been set by a combined analysis of the MINOS, Daya Bay and Bugey-3
data [225]. MINOS is sensitive to a sterile neutrino as active (mainly νµ in this case)-sterile mixing
would modify the shape and normalization of charged current and neutral current events in the near
and far detectors. It can therefore set limits on |Uµ4|2. Bugey-3 and Daya Bay data can be used to
constrain electron antineutrino disappearance and place limits on |Ue4|2. The combination of these
three experiments excludes the phase space allowed by the LSND and MiniBooNE experiments for
∆m241 below 0.8 eV
2 at 95% CL .
The reactor and Gallium anomalies are not in such a conflict with other measurements, since they
do not require Uµ4 to be different from zero. In this sector, recent developments have focussed on
the reliability of the systematic uncertainty related to the understanding of the reactor antineutrino
flux. The observation of the 5 MeV shoulder [188, 189] has indeed brought under close scrutiny the
method to compute the reactor antineutrino flux. The conclusions of recent studies [226, 227] are
that several uncertainties might have been underestimated. For instance, 30% of the flux comes from
forbidden transitions. The effect of various shape corrections applied to forbidden transitions has been
investigated and it leads to a 4-5% uncertainty on the reactor antineutrino flux. Taking into account
this uncertainty would considerably release the tension at the origin of the reactor anomaly.
A new generation of reactor neutrino experiments (STEREO [228], SoLiD [229], Neutrino-4 [230],
DANSS [231], NEOS [232], PROSPECT [233], see Ref. [234] for a review and references therein) has
been built to investigate in detail the possible mixing of νe with a sterile state with ∆m
2
41 in the eV
2
range. Indeed, ν¯e → ν¯s oscillations would induce a deformation of the spectrum if the detector is placed
close enough (L ' 10 m) to the reactor core. Several of these experiments have started data taking in
2016 or 2017, and new results on this hot topic are expected soon. A different technique [235] is used
by the Short distance neutrino Oscillations with BoreXino (SOX) experiment [236] that will deploy an
intense 144Ce antineutrino source very close to the Borexino detector with data taking foreseen in 2018.
The three Liquid Argon detectors Short-Baseline Neutrino Program (SBN) [237] is under construc-
tion at FNAL. It comprises the 170 t MicroBooNE Liquid Argon detector [238], built on the Booster
Neutrino beam (the same beam used by MiniBooNE) at L = 470 m from the target. It will be com-
pleted by the refurbished 760 t ICARUS detector [151] placed at 600 m, and by the 220 t LAr1-ND
near detector [239] at 110 m from the production target, for the investigation of the reported anomalies
both in the appearance and in the disappearance channels. This set of detectors will be able to probe
the LSND appearance excess with a sensitivity of 5σ. The installation will be completed in 2018.
9 Next steps in the investigation of the PMNS paradigm
After the precise measurement of θ13, we know that all three mixing angles of the PMNS matrix are
different from zero, opening the possibility for CP violation in the lepton sector. The discovery of this
new source of CP violation, corresponding to the observation of a value of sin δCP different from zero,
could be an important step in our understanding of the baryon asymmetry in the Universe and will be
the main goal of the long-baseline accelerator experiments in the coming years. As of today, indications
from T2K show a weak preference for δCP ∼ −pi/2, excluding at more than 3σ values of δCP close to
pi/2 and excluding CP conservation at 90% CL [155].
In addition to the measurement of δCP, other questions still have to be addressed before having a
complete picture of neutrino oscillations: in particular, the mass ordering between the mass eigenstate
ν3 and the other two is still unknown. The ordering can be either normal (m3 > m2 > m1) or inverted
(m2 > m1 > m3), and knowing it will have important consequences for further experimental studies of
the neutrinos, and in particular for mass measurements (see Ref. [240] for a discussion of the current
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experimental situation). Different scenarios are open for the neutrino mass spectrum [33], depending on
the mass ordering and on the lightest neutrino mass. In the normal hierarchical scenario, m1  m2 < m3
with m2 '
√
∆m221 ' 8.6 meV and m3 '
√
∆m231 ' 50 meV. The inverted hierarchical scenario is
characterized by m3  m1 ' m2, with m1,2 '
√
∆m232 ' 50 meV. It is also possible that there is
no strong hierarchy between the lightest and the next-to-lightest neutrino masses, i.e. m1 . m2 < m3
(normal ordering case), or m3 . m1 ' m2 (inverted ordering). Finally, in the quasi-degenerate scenario,
one has m1 ' m2 ' m3, with m1 & 100 meV and any of the two mass orderings.
The experiments searching for neutrinoless double beta decay (see e.g. Ref. [48] for a review) are
sensitive to the effective Majorana mass |mββ|, which, for inverted mass ordering, is larger than about
15 meV. Current experiments might be close to explore the upper part of the |mββ| region for inverted
ordering, even for a lightest neutrino of zero mass. On the contrary, new techniques and much larger
detector masses are needed to explore the |mββ| region corresponding to normal ordering.
Observational cosmology can probe the sum of the neutrino masses (see e.g. Ref. [241] for a review),
which for inverted ordering is larger than 100 meV, while the lower bound for normal ordering is
about 59 meV. Also in this case, cosmological probes are getting closer to be sensitive to inverted
ordering [76]. The absolute neutrino mass scale will also be probed in the near future by the Karlsruhe
Tritium Neutrino Experiment (KATRIN), which will measure precisely the end-point of the tritium
beta spectrum [242]. The knowledge of the ordering is also important for model builders. In fact, most
Grand Unified models predict normal ordering [243].
The mass ordering has also a direct impact on δCP. As mentioned in Section 6.1, degeneracies exist
in the νe appearance probability in long-baseline experiments between δCP and the mass ordering. If
the latter can be determined, a major source of degeneracy will be removed and the measurement of
δCP will be easier.
Another important question to be addressed is the precise measurement of θ23. Currently, the value
of this mixing angle is compatible with pi/4, i.e. with maximal disappearance, since the νµ disappearance
probability is proportional to sin22θ23. Values of θ23 of pi/4+X and pi/4−X give the same disappearance
probability. This is known as the octant degeneracy. Nevertheless, precise measurements of different
oscillation channels allow to disentangle among the two solutions and determine the octant of θ23 if X
is large enough. A value of θ23 exactly equal to pi/4 is particularly interesting because it might indicate
the existence of an underlying symmetry.
This section is organized as follows. We first review the sensitivity of the running long-baseline
experiments T2K and NOνA, which will give some indications of CP violation, the mass ordering and
the θ23 octant in the coming years. We then review the non-accelerator based experiments JUNO,
PINGU, ORCA and INO, which have some sensitivity to the mass ordering, and finally, we describe
the future long-baseline accelerator experiments Hyper-Kamiokande and DUNE, whose main goal is to
observe CP violation in the lepton sector, performing a precise measurement of δCP.
9.1 Goals of the running experiments: T2K and NOνA
In the next 10 years there will be no new long-baseline experiment; however, the running experiments
T2K and NOνA will greatly increase their statistics, collecting 10 times more data with respect to what
has been collected and analysed so far.
T2K has presented results based on a total of 1.5 × 1021 POT, while the total expected statistics
for which the experiment had been approved is 7.8 × 1021 POT. Since the T2K sensitivity to δCP will
be still statistically limited at 7.8× 1021 POT, this experiment will benefit from a larger exposure.
For this reason, the collaboration has recently submitted a proposal for the T2K phase II [244].
During this phase, which will take place from 2020 to 2026, a total of 20× 1021 POT will be collected.
This will allow to exclude CP conservation at more than 3 sigma if δCP is close to one of the two values
that violate CP maximally (namely, δCP = −pi/2 and +pi/2).
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The other running experiment, NOνA, has so far presented results based on 6×1020 POT while the
experiment is expected to collect 36× 1020 POT by 2020.
The two experiments are highly complementary thanks to their different baselines. The longer
NOνA baseline allows this experiment to have a better sensitivity to matter effects and therefore to the
mass ordering, while for T2K matter effects are small and the experiment is mostly sensitive to δCP.
In the case of NOνA, in fact, the two mass ordering solutions lead to a difference in the νe appearance
probability of ±19%, while the two cases of maximal CP violation, δCP = −pi/2 and +pi/2, lead to a
difference in the νe appearance probability of ±22%. In the case of T2K, instead, the mass ordering
has an effect of ±10% on the appearance probability, while the two maximal CP violation cases lead to
a difference of ±29%.
With 20×1021 POT equally split into neutrino and anti-neutrino mode, and some realistic improve-
ments in the analyses, T2K will observe 559 (116) e-like candidates in neutrino (anti-neutrino) mode
and 2735 (1284) µ-like candidates for normal ordering and δCP = −pi/2. The sensitivity to δCP with
such statistics is shown in Fig. 24, in the two cases of known and unknown mass ordering [245].
The knowledge of the mass ordering would greatly enhance the sensitivity to positive values of δCP
(assuming the ordering is normal). This effect is due to the degeneracy between normal ordering and
positive values of δCP, since the former feature tends to increase the number of νe appearance candidates,
while the latter tends to reduce it. For negative values of δCP, instead, there is no degeneracy since
normal ordering and negative values of δCP both tend to increase the νe appearance probability, hence
the sensitivity to the measurement of CP violation is not affected by the prior knowledge of the ordering.
In this sensitivity study, an improvement of the systematic uncertainties in the T2K analyses is
also assumed. To reach this goal, an upgrade of the Near Detector complex has been launched by
the collaboration. Assuming that the mass ordering has been determined by another experiment and
that the systematic uncertainties are reduced, the fraction of values of δCP for which CP conservation
(i.e. sin δCP = 0) can be excluded at the 99% (3σ) C.L. is 49% (36%). Without improvements on the
systematic uncertainties, the corresponding fraction is 42% (21%). These results depend mildly on the
value of sin2θ23, the sensitivity being slightly better for the lower octant solution. With this statistics,
T2K will also be able to perform a greatly improved measurement of the sin2θ23 mixing angle, as shown
in Fig. 25.
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Figure 24: Sensitivity to CP violation as a function of the true δCP for three values of sin
2θ23 (0.43,
0.50, 0.60) and normal hierarchy, for the full T2K-II exposure of 20×1021 POT and a reduction of the
systematic error to 2/3 of the 2016 T2K uncertainties. On the left plot the mass ordering is considered
unknown, while on the right plot it is considered known [245]. Courtesy of the T2K collaboration.
In the coming years, NOνA will take advantage of its longer baseline to further constrain or determine
the mass ordering. Also in the case of NOνA, the capability of determining the mass ordering can be
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FIG. 4: Expected 90% C.L. sensitivity to  m232 and sin
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antineutrino scattering, which probe nuclear structure through the axial vector current;
these data sets may be used to solve long-standing experimental disagreements seen in
previous measurements. The reduced uncertainties of the neutrino/antineutrino flux, in-
creased statistical samples, and improvements to the acceptance of the T2K detectors
will enable more detailed kinematic measurements to be made for interaction channels
already measured by T2K, including studies of nuclear e↵ects relevant for quasi-elastic
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Figure 25: Expected imp ovements of the 90% C.L. sensitivity to ∆ 232 and sin
2 θ23 of T2K and
T2K-II, assuming sin2θ23 =0.5 (left) and sin
2θ23 =0.6 (right) [245]. Courtesy of the T2K collaboration.
strongly limited by the combination of matter and CP violation effects. This is true for any experiment
in which the bas line is not long enough to fully resolve the degeneracies due to the interplay between
matter effects and CP violation. For example, if the mass ordering is normal (NO), NOνA will have
a chance to determine it if δCP is close to −pi/2, while if δCP is close to +pi/2, the degeneracy with
the solution having inverted mass ordering and δCP = −pi/2 will make it impossible to establish the
mass ordering. In the case of inverted mass ordering (IO), the situation is opposite: it is possible to
determine the mass ordering if δCP = +pi/2, while there is no sensitivity to it for δCP = −pi/2. This is
clearly reflected in the expected sensitivity of NOνA to the mass ordering with 36× 1020 POT, shown
in Fig. 26.
In the two optimal cases of δCP = −pi/2 and NO or δCP = +pi/2 and IO, the mass ordering will
be determined at bout 3σ by NOνA, whil in th other cases d generacies among oscillation
parameters will reduce the sensitivity of the experiment to the mass ordering. The combination with
T2K, which has a different baseline, will help at some level to resolve the degeneracies. The sensitivity
of NOνA to δCP with 36× 1020 POT is shown in Fig. 26.
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Figure 26: NOνA sensitivity to δCP (left) and to the mass ordering (right) as a function of δCP with
36×1020 POT [246]. The blue solid (red dashed) curve shows the sensitivity assuming normal (inverted)
mass ordering. Courtesy of the NOνA collaboration.
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9.2 Next generation of non-accelerator-based experiments
While the study of CP violation in the lepton sector requires neutrino beams, several different techniques
can be used for the measurement of the mass ordering. It is generally the case that, in order to be able
to determine the mass ordering, the experiment must be sensitive either to three-flavour effects or to
matter effects. Indeed, the two-flavour vacuum oscillation probability takes the form P (να → νβ) =
sin2 2θ sin2(∆m
2L
4E
), which is insensitive to the sign of ∆m2.
As we have seen in section 9.1, the mass ordering can be determined by exploiting matter effects in
long-baseline experiments like NOνA, and can be measured for any value of δCP by doing experiments
with a longer baseline such as the proposed DUNE experiment, which will be described in the next
section. Other possibilities to measure the mass ordering are provided by matter effects in atmospheric
neutrino oscillations [247], or by testing the interference between ∆m232 and ∆m
2
31 [248].
The latter idea is exploited by the Jiangmen Underground Neutrino Observatory (JUNO) experi-
ment [249] using nuclear reactors. Antineutrinos produced in nuclear reactors are detected with energies
in the range (1.8− 8) MeV. For E = 4 MeV, the first oscillation maximum driven by ∆m221 occurs at a
distance of roughly 65 km from the reactor core, while the oscillation maximum driven by ∆m232 occurs
at a distance of roughly 2 km. As we have seen in the previous sections, the first effect is exploited by
KamLAND to measure θ12 and ∆m
2
21, while the latter is exploited by Daya Bay, RENO and Double
Chooz to measure θ13.
JUNO [249] is a multi-purpose neutrino experiment located in China, whose main goal is to determine
the mass ordering. Its 20 kton liquid scintillator detector will be installed at a distance of 53 km from
two sites hosting nuclear plants (a total of ten reactor cores will be in operation by 2020). The detector
will be located underground with an overburden of more than 700 m of rock. It will consist in a liquid
scintillator spherical detector inside a water volume instrumented with PMTs serving as an active shield
for natural radioactivity. On the top of the water pool, a tracking detector will also be installed to tag
cosmic ray muons.
The νe survival probability is given by Eq (38):
P (ν¯e → ν¯e) = 1− cos4 θ13 sin2 2θ12 sin2 ∆21 − sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32), (107)
where ∆ji = ∆m
2
jiL/(4E).
The detected neutrino energy spectrum is strongly distorted by oscillations: a large deficit of νe is
expected, dominated by the parameters θ12 and ∆m
2
21, as shown in Fig. 27. The effect of the ∆m
2
32-
driven oscillations is also visible, manifesting itself as multiple cycles (fast oscillations). The period and
the phase of these fast oscillations depends on the mass ordering, as discussed in Ref. [248].
In a liquid scintillator detector such as JUNO, antineutrinos emitted by nuclear reactors are observed
via the inverse beta decay process described in section 5.2. In order to extract the information on mass
ordering from the rapid spectral distortions, an excellent energy resolution (3%/
√
E with E in MeV), a
good understanding of the energy response (better than 1%) and a large statistics (> 100, 000 inverse
beta decay events) are required [249].
This statistics will be obtained thanks to the large size of the JUNO detector, while the needed
precision on the energy resolution and on the energy response will be more difficult to reach, and
requires important improvements with respect to what has been achieved in the Daya Bay experiment.
In particular, it is required to have a PMT photocathode coverage larger than 75%, a PMT quantum
efficiency larger than 35% and an attenuation length of the liquid scintillator larger than 20 m at 430 nm.
If these requirements are met, JUNO will reach a median sensitivity for the determination of the mass
ordering of 3σ after six years of data taking [249].
The sensitivity can be improved to ∼ 4σ if the precision in the measurement of the mass-squared
splitting ∆m232 in long-baseline experiments reaches the 1% level. In fact, it can be shown that reactor
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2φ [79] as a function of
baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2φ in eV
2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.
explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.
JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:
Pν¯e→ν¯e = 1− sin2 2θ13(cos2 θ12 sin2∆31 + sin2 θ12 sin2∆32)− cos4 θ13 sin2 2θ12 sin2∆21 (2.1)
= 1− 1
2
sin2 2θ13
[
1−
√
1− sin2 2θ12 sin2∆21 cos(2|∆ee| ± φ)
]
− cos4 θ13 sin2 2θ12 sin2∆21,
where ∆ij ≡ ∆m2ijL/4E, in which L is the baseline, E is the antineutrino energy,
sinφ =
c212 sin(2s
2
12∆21)− s212 sin(2c212∆21)√
1− sin2 2θ12 sin2∆21
, cosφ =
c212 cos(2s
2
12∆21) + s
2
12 cos(2c
2
12∆21)√
1− sin2 2θ12 sin2∆21
,
and [95,96]
∆m2ee = cos
2 θ12∆m
2
31 + sin
2 θ12∆m
2
32 . (2.2)
The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.
In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,
∆m2φ = 4Eφ/L , (2.3)
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Figure 27: Reactor antineutrino signal as a function of L/E for the JUNO detector [250]. The blue and
r d curves correspond to the normal and inverted mass orderings, respectively. Courtesy of L. Zhan et
al.. Re inted figure with permission from L. Zhan et al., Phys. Rev. D, 78, 111103, 2008. Copyright
2008 by the American Physical Society.
experiments are sensitive to the parameter [56, 57] ∆m2ee = cos
2 θ12∆m
2
31 + sin
2 θ12∆m
2
32, which can be
viewed as the “νe-weighted average” of ∆m
2
31 and ∆m
2
32, since the νe components in ν1 and ν2 are in
the ratio cos2 θ12 : sin
2 θ12 (see Section 2.4 for details). On the other hand, long-baseline experiments
are sensitive to ∆m2µµ ' sin2 θ12∆m231 + cos2 θ12∆m232, plus a term depending on cos δCP. The two
quantities differ by a few % for the two mass orderings, and their precise measurement might provide an
additional handle on the determination of the mass ordering. However, as these measurements depend
on the absolute energy scale of the experiments, this method is difficult and subject to systematic
uncertainties.
Besides the determination of the mass ordering, JUNO will perform several precise measurements
of the neutrino mixing parameters. While the precision on θ13 will still be dominated by Daya Bay,
thank to its shorter baseline, the huge number of event collected by JUNO will allow to greatly
reduce the uncertainties on θ12 and ∆m
2
21. As we have seen in Section 3, these parameters are currently
measured by KamLAND (which dominates the ∆m221 measurement) and solar neutrino experiments
(which dominate the θ12 measurement) with uncertainties of the order of 2-4%. JUNO will be able to
reduce these uncertainties well below 1%, allowing precise tests of the unitarity of the lepton mixing
matrix.
In addition, JUNO will also be able to observe the neutrinos emitted by core-collapse supernovae
(SN), collecting ∼ 5, 000 inverse beta decays, 2,000 elastic neutrino-proton scatterings and 300 elastic
neutrino-electron scatterings for a SN explosion at a distance of 10 kpc. The time evolution, energy
spectra and flavour content of SN neutrinos can be used to investigate the explosion mechanism (see
e.g. Ref. [68] for a review). Also, neutrinos from the diffuse supernova neutrino background might be
observed by JUNO. Finally, JUNO will be able to perform precise measurements of the flux of the 8B
and 7Be solar neutrinos thanks to its high light yield, exceptional energy resolution and low threshold.
The high statistics samples collected by JUNO will allow to shed light on the solar abundance problem,
and probe the transition region between the vacuum oscillation-dominated and MSW-dominated regions
of the solar neutrino spectrum.
An alternative technique for the determination of the mass ordering using matter effects on the
propagation of atmospheric neutrinos has been proposed [247]. The idea is to exploit the difference in
the oscillation probabilities of neutrinos and antineutrinos that are induced by matter effects when they
cross the Earth. The oscillation probabilities, or oscillograms, for the two mass orderings are shown in
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Fig. 28 as a function of the energy and the cosine of the zenith angle θz. The qualitative features of these
oscillograms can be understood as follows, modelling the Earth as made of two layers, the mantle with
an almost constant density of about 5 g/cm3 above a radius of 3483 km, and the core with a density of
about 11 g/cm3 below that radius. The most prominent features of these oscillograms are the νµ → νe
MSW resonance in the mantle for E ' 7 GeV, visible at cos θz ' −0.8, and the MSW resonance in
the core for E ' 3 GeV and cos θz < −0.8. As already explained, the resonance is present either in
the neutrino channel for NO or in the antineutrino channel for IO. This resonance has a spectacular
effect in the νµ → νe channel, and results in smaller but significant differences in the oscillograms for
νµ → νµ between the NO and IO cases (Fig. 28). The finer structure seen in the cos θz < −0.8 region
is due to resonance effects related to the interference between propagation in the mantle and in the
core [251, 252].
The detectors based on the Cherenkov technique like Hyper-Kamiokande [143], ORCA [253] or
PINGU [254] do not measure the charge of the lepton event-by-event but, due to the different interaction
probabilities of neutrinos and antineutrinos, a net asymmetry in the combined (ν + ν) event rate can
be observed in the νe and νµ channels. However, the effect is strongly diluted. Smearing of the
reconstructed energy and angle dilutes this effect even more. Once the atmospheric neutrino fluxes
and the neutrino-nucleon cross-section are taken into account, bidimensional plots of event rates as
a function of the neutrino energy and zenith angle can be built, as shown in Fig. 29. Although the
asymmetry is partially washed out, there is still a certain sensitivity to the mass ordering.
The ORCA and PINGU experiments intend to instrument large volumes of ice in the Antarctica
(PINGU) or water in the Mediterranean sea (ORCA) with a dense array of PMTs in order to ob-
serve, through the Cherenkov effect, the muon tracks or the electromagnetic showers produced by νµ
and νe interactions in the medium. The technique is similar to the one used by IceCube [136] and
ANTARES [149] to observe high-energy neutrinos produced by cosmic rays, but, in order to improve
the energy and direction reconstruction, a much denser arrays of PMTs must be built, at the price of
instrumenting a smaller volume. Indeed, one of the challenges of these experiments is to reach an energy
threshold around 5 GeV, which is considerably lower than the 15 GeV threshold of the IceCube Deep-
Core denser instrumented volume. This requires to arrange the PMTs at close distance, around 10 m.
Moreover, another challenge is to control the systematic uncertainties related to the reconstruction of
the energy and the momentum.
In PINGU and ORCA, two categories of events can be reconstructed: tracks produced by muons
in νµ charged current interactions, and showers produced by neutral current interactions or νe. Both
contribute to the determination of the mass ordering. The sensitivity depends mainly on the capability
to reconstruct the energy and the angle of the incident neutrino from the observation of a shower or
a track on the PMTs. The resolution depends on the spacing between the PMTs and, once the total
number of PMTs is fixed, the optimal vertical spacing for ORCA is 9 m.
The sensitivity to the mass ordering computed by ORCA, assuming this configuration, depends on
other oscillation parameters, in particular θ23 and δCP, but in general a sensitivity of ∼ 3σ can be
obtained in three years. Similar results will be reached by PINGU after four years of running.
Another experiment aimed at determining the mass ordering is the Iron Calorimeter (ICAL) [255]
detector to be built at the India-based Neutrino Observatory (INO). ICAL will be a 50 kton magnetized
detector that will be mainly sensitive to 1-10 GeV atmospheric neutrinos: 5.6 cm thick iron layers are
interleaved with Resistive Plate Chambers (RPC) used for tracking the charged particles. Thanks to
the 1.5 Tesla magnetic field, ICAL will be capable of reconstructing the charge of the muons, hence
separating the interactions induced by muon neutrinos from the ones induced by muon antineutrinos.
In order to determine the mass ordering, νµ and νµ events will be binned in momentum and angle,
exploiting the matter effects in a similar way as proposed by ORCA and PINGU. In the case of INO,
only muon tracks are used and a sensitivity of 3σ to the mass ordering can be reached after 10 years of
data taking.
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Figure 28: Muon neutrino survival probability after traveling through the earth, binned in both
neutrino energy and cosine of the zenith angle [254]. The survival probabilities for antineutrinos in
a given mass hierarchy are essentially the same as those for neutrinos under the opposite hierarchy.
Courtesy of the IceCube collaboration.
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Figure 29: Difference in the event rates for the normal and inverted orderings, normalized by the
statistical uncertainty, for one year of simulated PINGU data with reconstruction and particle identifi-
cation applied [254]. The left panel shows track-like events (mostly due to νµ CC interactions), while
the right panel shows cascade-like events (mostly νe and ντ CC events, as well as NC events from any
neutrino flavors). Courtesy of the IceCube collaboration.
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9.3 Next generation long-baseline experiments
The next generation of long-baseline experiments will be built in the coming years and operational
around the second half of the years 2020, with the main goal of providing precise measurements of the
neutrino mixing parameters that are accessible to long-baseline experiments, namely θ23, θ13, ∆m
2
32 and
δCP. The two projects for the next generation of long-baseline experiments are the Deep Underground
Neutrino Experiment (DUNE) [144] in the US and the Hyper-Kamiokande experiment [143] in Japan.
Both experiments will be multi-purpose detectors, searching for proton decay and neutrinos produced
in core-collapse supernovae explosions, and measuring solar and atmospheric neutrinos. In the context
of this review, we focus on the measurements that are important for a better understanding of the
PMNS matrix.
DUNE [144] will use an innovative technology with Liquid Argon as target for neutrino interactions,
performing a calorimetric measurement of the particles produced in neutrino interactions. Neutrinos will
be produced at FNAL using protons from the Main Ring, and will be sent to the Sanford Underground
Research Facility (SURF) in South Dakota, 1,300 km away from FNAL.
DUNE will build four large (10 kton) Liquid Argon time projection chambers as target for neutrino
interactions. When neutrinos interact with the Argon, charged particles are produced that cross the
medium, ionizing and exciting Argon nuclei. This produces both ionization and scintillation signals
that are detected by a readout system. The careful collection of the ionization electrons allows for a
three-dimensional reconstruction of the charged tracks and showers, and hence of the properties of the
neutrino responsible for the interaction. Two options are contemplated for the readout of the ionization
electrons: a single-phase readout, where the electrons are collected using wire planes in the liquid argon
volume, and a dual-phase approach, where the electrons are amplified and detected in a gaseous argon
region above the liquid. The single-phase readout is based on the technology used for the ICARUS
detector [256], while for the dual-phase readout several small-scale prototypes have been built in the
last years [257]. An extended R&D program is ongoing to demonstrate that both technologies are
suitable to build a 10 kton module. Two prototypes, one for the single phase (ProtoDUNE-SP) [258]
and one for the dual phase (ProtoDUNE-DP/WA105) [259] of roughly 300 tons, scalable to larger
masses, are being built at CERN and will be exposed to a charged-particle beam in 2018.
The neutrino beam used for DUNE will be a broad band beam produced at the Long Baseline
Neutrino Facility (LBNF) at FNAL. The foreseen beam power is 1.07 MW. The neutrino flux will cover
both the first and the second oscillation maxima, which given the 1,300 km baseline correspond to
energies of 2.5 GeV and 0.8 GeV, respectively. At energy above 2 GeV, multiple tracks are produced
in charged current neutrino interactions and high efficiency is required to reconstruct all the final state
particles. The high granularity of a liquid Argon detector is therefore better suited at these energies
than Water Cherenkov detectors, for which most of the charged particles are below the Cherenkov
threshold and cannot be reconstructed. Thanks to the very long-baseline of DUNE, the effects of the
mass ordering and of CP violation are decoupled, as shown in Fig. 18. The strategy is to collect neutrino
and anti-neutrino data by changing the direction of the current in the magnetic horns, and to measure
νµ and νµ disappearance and νe and νe appearance probabilities. The combination of the four samples
allows a clean measurement of the mass ordering for any value of δCP and in both ordering hypotheses,
as shown in Fig. 30. As far as the measurement of CP violation is concerned, the sensitivity depends
on the value of δCP. The requirement for the experiment is to have a sensitivity larger than 5σ for 50%
of the values of δCP, and larger than 3σ for 75% of the values of δCP. Such sensitivities will be reached
after 7 years of running.
The other proposed long-baseline experiment is Hyper-Kamiokande (HK) [143]. Hyper-Kamiokande
builds up on the experience with the K2K and T2K experiments and the Super-Kamiokande detector.
It will be composed of two large water Cherenkov detectors, with a total mass 10 times larger than SK,
and it will be exposed to the off-axis neutrino beam produced at JPARC.
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Figure 3.7 shows the significance with which the MH can be determined as a function of the value
of ”CP, for an exposure of 300 kt · MW · year, which corresponds to seven years of data (3.5 years in
neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV
beam. For this exposure, the MH is determined with a minimum significance of
Ò
 ‰2 = 5 for
100% of the ”CP values for the optimized beam design and nearly 100% of ”CP values for the CDR
reference beam design. Figure 3.8 shows the significance with which the MH can be determined for
0% (most optimistic), 50% and 100% of ”CP values as a function of exposure. Minimum exposures
of approximately 400 kt · MW · year and 230 kt · MW · year are required to determine the MH with
a significance of
Ò
 ‰2 = 5 for 100% of ”CP values for the CDR reference beam design and the
optimized beam design, respectively.
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Figure 3.7: The significance with which the mass hierarchy can be determined as a function of the
value of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right).
The shaded region represents the range in sensitivity due to potential variations in the beam design.
Figures 3.9, 3.10, and 3.11 show the variation in the MH sensitivity due to di erent values of ◊23,
◊13, and  m231 within the allowed ranges. The value of ◊23 has the biggest impact on the sensitivity,
and the least favorable scenario corresponds to a true value of ”CP in which the MH asymmetry
is maximally o set by the leptonic CP asymmetry, and where, independently, sin2 ◊23 takes on a
value at the low end of its experimentally allowed range.
Studies have indicated that special attention must be paid to the statistical interpretation of MH
sensitivities [21, 22]. In general, if an experiment is repeated many times, a distribution of  ‰2
values will appear due to statistical fluctuations. It is usually assumed that the  ‰2 metric follows
the expected chi-squared function for one degree of freedom, which has a mean of  ‰2 and can be
interpreted using a Gaussian distribution with a standard deviation of
Ò
| ‰2|. In assessing the
MH sensitivity of future experiments, it is common practice to generate a simulated data set (for
an assumed true MH) that does not include statistical fluctuations. In this typical case,  ‰2 is
reported as the expected sensitivity, where  ‰2 is representative of the mean value of  ‰2 that
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design.
Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.
Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year
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Figure 30: DUNE expected sensitivities to the mass ordering (top) and CP-violating phase (bottom)
for normal (left) and inverted (right) orderings, assuming an exposure of 300 kt×MW×year [144].
Courtesy of the DUNE collaboration.
The baseline design of HK is to have a staged construction of two 187 kton fiducial volume mass
modules near the current Super-Kamiokande site, at a distance of 295 km and 2.5 degrees off-axis from
the J-PARC site where the ne trinos are prod ced. Th neutrino beam is th s e as the one currently
used by the T2K experiment but, thanks to an upgrade of the JPARC Main Ring power supplies, it
will be able to operate at more than 1.3 MW by 2 25 (to be compared with a beam power of 470 kW
in 2017).
An alternative design is being pursued to install the second module in South Korea [260]. This
second detector would be operated at a baseline of roughly 1,100 km and a smaller off-axis angle. In
this configuration, HK would be sensitive to the first and second oscillation maxima, with the first one
taking place at ∼ 2 GeV and the second one at 0.6 GeV. In this configuration, the first oscillation
maximum would give sensitivity to the mass ordering, while the second one would allow to exploit the
larger CP asymmetry, improving the measurement of δCP. If both detectors are installed at Kamioka,
external measurements of the mass ordering will be used in the search for δCP. If no measurement of
mass ordering is available by the time HK is collecting data, the mass ordering will be determined at
more than 3σ by measuring matter effects in the large atmospheric neutrino sample collected by HK.
After 10 years of data taking, HK will collect ∼ 1, 000 (∼ 130) νe and νe signal events per tank
at 295 km (1,100 km and 2.0 degrees off-axis) assuming a 3:1 ratio of antineutrino mode to neutrino
mode operation. The sensitivity of the experiment for different options for the location of the second
tank is shown in Fig. 31. The figure shows the benefit of having the second detector in Korea, if no
measurement of the mass ordering is available by 2025. On average, the second detector in Korea also
allows for a more precise measurement of the value of δCP, thanks to the measurement at the second
maximum. A precision between 6 and 13 degrees can be obtained, depending on the value of δCP.
Finally, the sensitivity in Korea will be limited by statistical uncertainties even after 10 years of data
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taking, while in Kamioka the measurements will be limited by systematic uncertainties.
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FIG. 20: The significance for CP conservation rejection as a function of the true value of  cp and
the true mass ordering (left=normal, right=inverted). The top row shows the significance when
the mass ordering is determined independently from the accelerator neutrinos, while the bottom
row shows the significance when the mass ordering is determined only by accelerator neutrinos
observed in the Hyper-K detectors.
the measurements at 295 km baseline are systematics limited, while the measurements at
the 1100 km baseline are statistics limited.
The evolution of the  cp precision with exposure is summarized in Fig. 25. For the worst-
case uncertainty, when  cp is near the maximally CP violation values, the relative advantage
of the detector in Korea remains constant with exposure. It should be noted, however, that
this may be an artifact of the systematic error model used in these studies, which likely
underestimates the uncertainties on the shape of the observed spectra. For a more realistic
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Figure 31: Hyper-Kamiokande significance (in number of st ndard deviations) to reject CP conserva-
tion as a function of δCP for normal ordering (left) and inverted ordering (right) and different hypotheses
for the location of the second tank. In the top row, the mass ordering is assumed to be known, while in
the bottom row it is assumed to be unknown [260]. The black lines (labeled JD×2) corresponds to two
detectors in Japan, while the colored lines labeled KD corr spond to one detector in Japan and one in
Korea, with different off-axis angles. Courtesy of the Hyper-Kamiokande collaboration.
In conclusions, the DUNE and Hyper-Kamiokande projects are largely complementary. Hyper-
Kamiokande is based on a known technology and will offer large νe samples. DUNE will help develop
the Liquid Argon technology and will offer mor detailed information on the particles in the final state.
Complementarity between the two projects is also present for other physics goals like SN neutrinos and
the search for proton decay.
10 Conclusions
The discovery of neu rino oscilla io s is a major milestone in particle physics. It is so far the only
experimental evidence of nonzero neutrino masses, and the first positive indication of physics beyond
the Standard Model. The field of neutrino oscillations and its findings therefore deserve great attention
and require reliable and complementary top-quality measurements to assure a steady progress of our
knowledge.
Neutrino oscillation physics benefited from rapid progress in the last two decades. After the estab-
lishment of neutrino oscillations as the mechanism behind the anomalies observed in the study of solar
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and atmospheric neutrinos, a large corpus of experimental data has emerged. This has been obtained
with solar, atmospheric, reactor and accelerator neutrinos, in a variety of experimental configurations,
detection methods and neutrino energies, spanning the full range from eV to TeV.
Neutrino oscillations have been studied and confirmed by several independent experiments in all
sectors: solar and reactor experiments for the 1-2 sector, atmospheric and accelerator experiments for
the 2-3 sector, and reactor and accelerator experiments for the 1-3 sector. The latest major discovery is
indeed related to the 1-3 sector, with the precise measurement of the θ13 mixing angle by Daya Bay in
2012 and its confirmation by RENO and Double-Chooz. This overall picture, which has been obtained
mainly through disappearance measurements, has been confirmed recently by the direct observation of
the appearance of new flavours: T2K has observed νµ → νe appearance, later confirmed by NOvA, and
OPERA has established νµ → ντ appearance, with supporting indications from Super-Kamiokande.
It is remarkable that this extensive corpus of data can be interpreted with only five parameters:
the three mixing angles of the PMNS matrix θ12, θ23 and θ13, and two independent squared-mass
differences, ∆m221 and ∆m
2
31. This has led to the emergence of the PMNS paradigm of three active
neutrino oscillations, which has been the subject of this review. At present the experimental data is
only weakly sensitive to the CP-violating phase δCP, but the inclusion of this parameter will become
necessary to provide an accurate description of future oscillation results.
The PMNS paradigm is now entering the precision period, as can be seen from the results of a global
fit [105] to all present oscillation measurements:
θ12 (deg) = 33.56
+0.77
−0.75 (108)
θ23 (deg) = 41.6
+1.5
−1.2 (50.0
+1.1
−1.4) (109)
θ13 (deg) = 8.46
+0.15
−0.15 (110)
∆m221 (10
−5eV2) = 7.50 +0.19−0.17 (111)
∆m23l (10
−3eV2) = 2.524 +0.039−0.040 (−2.514 +0.038−0.041) (112)
where the mixing angles are given in degrees, and ∆m23l is equal to ∆m
2
31 for normal ordering and to
∆m232 for inverted ordering. The values in parenthesis are relative to inverted ordering.
A few outstanding anomalies, most notably the LSND excess, cannot be interpreted in the PMNS
framework. Recent experimental results have not confirmed these anomalies, which are still the object of
intense scrutiny and debate. A rich experimental program is under way and will provide more sensitive
tests of these anomalies in the next few years. One should therefore know in the near future whether
they must be removed from the list of open questions or not. An unambiguous confirmation of some of
the existing anomalies would represent a major discovery.
Now that the experimental precision on the squared-mass differences and on most of the parameters
of the PMNS matrix is approaching the percent level, great attention needs to be devoted to the exper-
imental systematic uncertainties to make further progress. A robust and precise control of the neutrino
flux is needed for future experiments devoted to the improvement of the experimental accuracy. This
calls for a full-fledged program of auxiliary experiments and measurements, for instance experiments
like NA61/SHINE in the field of hadro-production. A renewed program to establish a reliable model
for the neutrino-nucleus cross-section is also needed, in which new phenomenological investigations and
high-precision data will be major ingredients. The goal is to reach a control at the few percent level,
to be compared with the current uncertainty of 10% (or worse).
A rich experimental program is under preparation to answer the remaining open questions: the
determination of the octant of the θ23 mixing angle and the precise measurement of its deviation from
the maximal value pi/4, the determination of the mass ordering and the measurement of the CP-violating
phase δCP. These are fundamental questions, and measurements in the field of neutrino oscillations are
likely to play a major role on the experimental particle physics scene in the coming years. Partial
answers to these questions will come from the running long-baseline experiments T2K and NOνA.
67
The question of mass ordering will be addressed to a certain extent by non-accelerator experiments
using either atmospheric neutrinos (INO, PINGU, ORCA) or nuclear reactors (JUNO). Two major
long-baseline projects, DUNE and Hyper-Kamiokande, will perform high-precision measurements in
the next decade, with the aim to determine the neutrino mass ordering and to establish CP violation
in the lepton sector.
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